




FOLDING OF A MULTIDOMAIN PROTEIN,  







A dissertation submitted to Johns Hopkins University in conformity with the requirements for 







© 2019 Kaixian Liu 
All Rights Reserved 
 ii 
Abstract 
 Multidomain proteins, containing several structural units within a single polypeptide, 
constitute a large fraction of all proteomes. Cotranslational folding is assumed to simplify the 
conformational search problem for large proteins, but the events leading to correctly folded 
structures remain poorly characterized. Additionally, how the ribosome and molecular 
chaperones promote efficient folding remains obscure. In this study, folding events of nascent 
elongation factor G, a five-domain protein that requires chaperones for folding in vivo, have been 
dissected by single-molecule optical tweezers. We found that the N-terminal G-domain of EF-G 
constitutes an independent folding unit. Upon in vitro refolding, it adopts two similar states that 
correspond to the natively and non-natively folded structures. The ribosome destabilizes both of 
them, suggesting terminal misfolding into highly stable, non-native structures is avoided. The 
first N-terminal two domains G and II will form misfolded off-pathway states in isolation, 
however, the ribosome and the chaperone trigger factor reduce inter-domain misfolding, 
permitting folding of the N-terminal G-domain. Successful completion of this step is crucial for 
folding of domain II. Unexpectedly, cotranslational folding does not proceed unidirectionally: 
emerging unfolded polypeptide denatures an already folded domain. Trigger factor, but not the 
ribosome, protects against denaturation. The chaperone thus helps multidomain proteins 
overcome inherent challenges during cotranslational folding. While the N-terminal two domains 
must fold in the order of their synthesis, the C-terminal domains do not fold sequentially. 
Domain III stability is dictated by the folded C-terminal IV-V, indicating a post-translational 
folding mechanism. In summary, as a paradigm for multidomain protein folding, this work 
discovered that domain-wise folding of nascent proteins can be reversed by denaturation 
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interactions with emerging polypeptide, which can be blocked by trigger factor. Trigger factor 
also cooperates with the ribosome to reduce misfolding. The chaperone therefore has a dual 
function in promoting efficient folding of multidomain proteins. Furthermore, the folding 
dependency of domain II and III on their neighboring domains supports the hypothesis that 
domains incapable of independent folding are stabilized by favorable interactions with 
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 Despite this progress, there are still many open questions regarding to the molecular 
mechanism of folding, and it is not clear whether a consensus has been reached even for small 
single-domain protein folding (Sosnick and Barrick, 2011). For instances, the importance of  
residual structures in denatured states, the nature of folding steps and kinetic barriers as well as 
the extent of pathway diversity is still elusive (Sosnick and Barrick, 2011). Many of the physical 
parameters of protein structure are well understood: Hydrogen bonds are the main forces 
stabilizing secondary structures; van der Walls interactions are important for the tight packing of 
folded proteins; backbone angles have preferred distributions in different structures, as visualized 
in  Ramachandran plots; electrostatic interactions are important for stabilizing the local and 
global structures; hydrophobic interactions are the main driving forces for proteins to form a core 
structure; chain entropy undergoes a large decrease when proteins fold, therefore modulating the 
overall stabilities of proteins (Dill and MacCallum, 2012). However, we are still unable to 
resolve Levinthal’s paradox: How do proteins fold into precisely defined native structures 
quickly, given the vast number of possible conformations even for a small single-domain protein 
(Levinthal, 1969)? Furthermore, although several examples impressively illustrate our ability to 
design folded proteins de novo with atomic resolution  (Dou et al., 2018; Kuhlman et al., 2003; 
Lu et al., 2018), it is still generally impossible to accurately predict a protein structure from its 
sequence. In the future, both the experimental methods and computational analysis need to be 
advanced to address these questions. 
I-2: Multidomain protein folding 
 Protein folding has mainly been studied using small, single-domain proteins. The folding 
pathways of larger multidomain proteins, which represent a large fraction of proteomes 
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(Braselmann et al., 2013), remain poorly understood, partly because side reactions such as 
aggregation complicate folding measurements. Unlike single-domain protein folding, frustration 
from strong inter-domain interaction can exacerbate in multidomain proteins (Zheng et al., 
2013). Borgia et al., using single-molecule fluorescence to study folding of tandem I27 domains, 
found that misfolding happens in a sequence dependent manner, which is that the higher 
sequence similarity between tandem domains, the higher likelihood of misfolding, suggesting an 
evolutionary strategy to minimize interdomain misfolding (Borgia et al., 2011). Further detailed 
studies have shown that the lifetime of misfolded states seem to correlate with the sequence 
identity between neighboring domains, with longer lifetime for higher sequence identity (Borgia 
et al., 2015). Interestingly, ensemble measurement with spectrin domains R15R16 has shown 
that a neighboring domain will not affect the folding pathway of the other domain (Batey and 
Clarke, 2008). Computational genomic studies have suggested that the folding of domains 
becomes independent when the interface is small and loosely packed (Han et al., 2007). This 
finding is consistent with another computational study showing that the binding affinity between 
domains are positively correlated with  buried surface areas of the interface (Chen et al., 2013). 
Recently, folding of a complex multi-domain protein Hsp90 has been investigated by single-
molecule optical tweezers (Jahn et al., 2016). This study revealed that a small stretching force 
applied to the polypeptide chain can accelerate folding, presumably by reducing non-productive 
long-range contacts between non-native domains. The authors suggest that a similar effect might 
be achieved by cotranslational folding, since cotranslational folding enables domain-wise folding 
of multidomain proteins, therefore preventing inter-domain misfolding. This study highlights the 
importance of the ribosomal environment for multidomain protein folding. Indeed, it has been 
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profiling experiments have suggested that TF binds to the nascent chain only after more than 100 
amino acids have been synthesized, and that engagement of the nascent chain with multiple TF 
molecules is unlikely (Oh et al., 2011). However, these results are not consistent with results 
from the FRET studies on translating ribosomes (Kaiser et al., 2006) and NMR measurements 
(Saio et al., 2014). It remains unclear how trigger factor itself tunes its PPIase and holdase 
activities to optimize the folding yield of nascent polypeptides.  
 While trigger factor is unique to bacteria, the nascent chain associated complex (NAC) is 
thought to act as functionally equivalent chaperone for nascent polypeptides in eukaryotes 
(Preissler and Deuerling, 2012). The universally conserved Hsp70 system also associates with 
nascent polypeptides. It has been proposed to engage the nascent chain at a later stage (Hartl and 
Hayer-Hartl, 2009) and thus act later during folding. However, the bacterial Hsp70 system can 
functionally replace TF (Genevaux et al., 2004) and it is not clear how the functions of these 
chaperones are coordinated. Hsp70 is regulated in an ATP-dependent fashion by a co-chaperone 
and nucleotide exchange factors and represents one of the best-understood chaperones (Hartl and 
Hayer-Hartl, 2009). How nascent chain-binding chaperones change the folding energy landscape 
of their client proteins is still poorly understood. Previous studies indicate that TF and DnaK 
have partially overlapping functions, but it is still elusive to what degree their functions are 
distinct and how they work together (Genevaux et al., 2004). Similarly, how contributions from 
chaperones and the ribosome are coordinated is incompletely understood (Hoffmann et al., 
2010).  
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I-4: Elongation factor G (EF-G) 
 EF-G (eEF-2 in eukaryotes) is an abundant, universally conserved GTPase that facilitates 
mRNA and tRNA translocation. EF-G is composed of five domains, including an N-terminal 
GTPase domain termed G-domain, followed by domains II, III, IV and V. Domain IV is 
discontinuous in the primary structure, and hence subdomains IVa and IVb flank domain V 
(Figure I-3A). Crystal structures (Figure I-3B) of EF-G (AEvarsson et al., 1994; Czworkowski et 
al., 1994) have revealed that the G-domain is structurally similar to but larger than other small 
GTPases, such as p21 or ras, due to the insertion of a G' domain in EF-G. Interestingly, a 
previous study found that an artificial multidomain protein, fusing ras to DHFR, was able to fold 
only through a cotranslational mechanism, but would result in interdomain misfolding if folding 
happened post-translationally (Netzer and Hartl, 1997). The modular architecture and structural 
complexity, which is missing in previous studied tandem repeat multidomain proteins (Batey et 
al., 2006; Borgia et al., 2011; Law et al., 2003), make EF-G an attractive model for studying 
multidomain protein folding. Efficient folding of EF-G in the cell depends on molecular 
chaperones: The protein aggregates, indicating severe folding defects, upon deletion of TF and 
the Hsp70 system (Deuerling et al., 2003; Vorderwulbecke et al., 2004), the two major nascent 
chain-binding proteins in E. coli. Proteomics studies with E. coli also found that EF-G is a 
natural client of DnaK, which is a Hsp70 family member protein (Calloni et al., 2012). Based on 
these findings, EF-G is a promising model protein for studying the contributions of vectorial 
synthesis and of chaperone interactions to multidomain protein folding.  

 8 
slows down EF-G folding. An unexpected unfolding pathway was discovered in the N-terminal 
two domains, which is that the folded G-domain can be denatured by the unfolded domain II.  
 By investigating the folding of nascent EF-G chains of defined lengths in the context of 
the ribosome, we found that how the ribosome regulates protein folding is highly stage 
dependent, meaning that the ribosome can both decelerate and accelerate distal domain folding 
depending on how far away the domain is from the ribosome. However, the underlying 
mechanism of accelerating distal domain folding could be the same as decelerating, with the 
difference being that acceleration is achieved by interactions between the ribosome and the 
approximate domain which can prevent inter-domain misfolding. 
 Using force spectroscopy to study the folding of EF-G nascent chains in the presence and 
absence of the ribosome-binding chaperone TF, we revealed that TF cooperates with the 
ribosome to reduce inter-domain misfolding, thus promoting folding of the distal N-terminal 
domain. The denaturation can be suppressed by TF, but not by the ribosome. Therefore, we have 
a better understanding how nascent chain binding chaperone TF reshapes folding of EF-G during 
translation.  
 9 
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Chapter II. Review of recent progress in understanding 
cotranslational protein folding 
II-1: Cotranslational protein folding 
 Proteins are linear polymers synthesized by the ribosome that generally have to fold into 
specific three-dimensional structures to become biologically active. Recently, it has been 
realized that the ribosome itself modulates early folding events (Thommen et al., 2017), helping 
to set the nascent polypeptide on the correct path for successful folding. The ribosome is the 
central player in cellular protein synthesis, polymerizing amino acids in the order dictated by the 
genetic information in the messenger RNA (mRNA). For every codon in the mRNA, the 
ribosome helps to select the appropriate amino-acylated transfer RNAs (tRNAs) and 
subsequently catalyzes the addition of the selected amino acid to the nascent protein. By 
translating the information in the mRNA one codon at a time, the ribosome synthesizes 
polypeptides in a directed manner, adding amino acids to the carboxyl-terminus (C-terminus) of 
the nascent polypeptide. As a consequence, proteins emerge in a vectorial fashion, starting at the 
amino-terminus (N-terminus), as the ribosome moves along the mRNA (Figure II-1). 
 Protein synthesis by the ribosome is highly processive. Full-length translation products 
are released only when a stop codon in the mRNA is reached. While stalling of ribosomes during 
elongation can lead to ribosome rescue (Himeno et al., 2014) or dissociation of the incomplete 
peptide (Heurgué-Hamard et al., 1998), the growing nascent polypeptide remains stably 
anchored to either the A-site or the P-site tRNA during normal elongation. At the same time, 
polypeptide elongation is relatively slow, proceeding at a rate of up to approximately 20 amino 
acids per second (Young and Bremer, 1976) in bacteria and even slower in eukaryotes as 
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estimated to be about 6 amino acids per second by both pulse-chase studies (Boström et al., 
1986) and ribosome profiling data (Dao Duc and Song, 2018; Ingolia et al., 2011). Synthesis of 
even a small domain of 100 amino acids thus requires several seconds. 
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affect what structures the nascent polypeptide populates (Clark and King, 2001; Frydman et al., 
1999). Moreover, due to a variety of factors, the elongation rates along a given mRNA are not 
uniform (Rodnina, 2016): some codons are translated faster than others, resulting local minima 
and maxima at specific positions during polypeptide synthesis. The modulation of elongation 
rates has been shown to affect the biological function (Kimchi-Sarfaty et al., 2007; Zhou et al., 
2013) or biochemical properties (Sander et al., 2014; Zhang et al., 2009) of the translation 
product. More recently, it has become possible to directly relate changes in elongation rate to the 
folding and structure of the newly synthesized polypeptide (Buhr et al., 2016; Kim et al., 2015). 
 Before being exposed to the cellular environment, nascent proteins pass through a long, 
narrow tunnel that spans the large subunit of the ribosome and can accommodate between 30 and 
40 amino acids of a polypeptide in a largely unstructured conformation. While limited folding 
can occur within the interior of the ribosome, (Lu and Deutsch, 2005; Nilsson et al., 2015; 
Woolhead et al., 2004), the narrow exit tunnel does not allow extensive tertiary structure 
formation. Regulatory nascent peptides can adopt specific conformations within the exit tunnel 
and, through interactions with rRNA or protein components of the tunnel, regulate ribosome 
function (Gupta et al., 2016; Ishii et al., 2015; Ito and Chiba, 2013; Su et al., 2017; Wilson et al., 
2016). The ribosome-nascent chain interactions are required to stabilize these conformations 
(Lucent et al., 2010; Woolhead et al., 2006), which are hence not stable outside the tunnel. Once 
the nascent polypeptide emerges from the tunnel, folding is less restricted, although close 
proximity of the ribosome limits the space available to the polypeptide and thus, in principle, the 
accessible conformations (Mittal and Best, 2008). 
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 Experimentally measuring ribosome-nascent chain interactions and their effects on 
folding is challenging. Mechanistic studies of protein folding traditionally utilize thermal or 
chemical denaturation of the protein of interest and simultaneously monitoring folding and 
unfolding using optical spectroscopy. The biochemical complexity of the ribosome, which in 
bacteria is composed of three ribosomal RNA (rRNA) molecules and more than 50 proteins, 
precludes the utilization of intrinsic spectroscopic probes that are commonly employed to follow 
folding and unfolding (e.g., tryptophan fluorescence). Moreover, the traditional approach of 
adding and removing denaturants to study folding cannot be used, because globally acting 
denaturant destabilizes not only nascent polypeptide structure, but also the ribosome itself. Over 
the last years, novel approaches have been developed to overcome these limitations. Most 
experiments to date have utilized ribosome-nascent chain complexes (RNCs) in which 
translation is stopped at precisely defined nascent chain lengths, either through the use of a 
genetically engineered arrest peptide from the SecM protein (Nakatogawa and Ito, 2002) or by 
using stop codon-less (nonstop) mRNA templates. Recently, a carefully designed in vitro 
translation system (Mittelstaet et al., 2013) has opened exciting avenues for simultaneously 
measuring of polypeptide elongation and folding. 
II-2: Biochemical approaches 
 Several biochemical approaches have been used to map the onset of folding as a function 
of nascent chain length and the effect of the ribosome on folding and stability (Figure II-1). 
Hoffmann et al. employed an experimental strategy relying on structure-dependent disulfide 
bond formation between strategically placed cysteine residues. These experiments revealed 
distance-dependent destabilization of nascent chain structure by the ribosome that was similar for 
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a set of model proteins (including the Scr homology 3 domain of a-spectrin, barnase, and b-
lactamase) (Hoffmann et al., 2012). Interestingly, the effect is amplified by the ribosome-binding 
chaperone trigger factor (Hoffmann et al., 2012), suggesting one mechanism by which the 
chaperone may cooperate with the ribosome to modulate nascent protein folding. 
 To obtain quantitative information on the destabilization caused by the ribosome, 
Samelson et al. (Samelson et al., 2016) employed “pulse proteolysis” (Park and Marqusee, 
2005), a refined version of the limited proteolysis approach that had been exploited in early 
experiments studying the folding of nascent firefly luciferase (Frydman et al., 1999). Instead of 
incubating RNCs with low concentrations of protease, samples are “pulsed” with a high protease 
concentration for a brief period of time. The pulse duration is short relative to the mean lifetime 
of the folded state of the protein of interest. Consequently, only the fraction that populates the 
unfolded state during the pulse is digested, whereas the folded state population is protected. The 
equilibrium fraction of folded protein determined in this way directly yields its global stability. 
For the three globular proteins analyzed in this study (versions of dihydrofolate reductase, 
ribonuclease H and barnase), the ribosome caused a significant destabilization when the folded 
units were in close proximity to the ribosome. Lengthening the C-terminal extension from 35 to 
55 amino acids restored stability, confirming earlier observations that the effect of the ribosome 
is restricted to its immediate vicinity (Cabrita et al., 2016; Holtkamp et al., 2015; Kaiser et al., 
2011; Nilsson et al., 2015). Destabilization of folded structures in the immediate vicinity of the 
ribosome, presumably by interactions stabilizing the unfolded state, therefore emerges as a 
general phenomenon. 
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 The SecM arrest peptide is frequently used as a tool to prepare stably stalled RNCs in 
vitro (Schaffitzel and Ban, 2007) or in vivo (Cabrita et al., 2009). The mechanism underlying 
SecM-mediated arrest has also made this sequence a useful tool for studies of nascent chain 
folding dynamics. Biochemical and genetic studies have suggested that mechanical force, 
generated by the Sec translocon (Butkus et al., 2003; Nakatogawa and Ito, 2002) or insertion of 
transmembrane helices into lipid bilayers (Ismail et al., 2012), accelerates release of SecM-
induced elongation arrest. Single-molecule force-spectroscopy experiments established that force 
is indeed sufficient to release arrest (Goldman et al., 2015). Folding of the nascent chain into a 
stable structure near the ribosome is thought to generate a pulling force that accelerates arrest 
release (Goldman et al., 2015; Nilsson et al., 2016). When arrest release is coupled to an 
experimental readout, this phenomenon can be exploited to define the nascent chains lengths at 
which folding occurs (Figure II-2). Systematically varying the distance between a folding 
domain and the ribosome confirmed that folding into stable structures occurs at a distance of 
approximately 30 to 40 amino acids from the peptidyl transferase center. Folding-mediated 
release of SecM arrest has been demonstrated in live E. coli cells (Goldman et al., 2015) (Figure 
II-2). It should be noted that the exact mechanism of force generation by nascent chain folding is 
not completely understood, and that arrest release is slow relative to normal elongation rates. 
SecM arrest release experiments are therefore difficult to interpret with certainty in terms of 
folding kinetics, but it seems clear that this experimental approach robustly detects the 
cotranslational formation of stable structures in the nascent polypeptide. 
 Several studies have employed folding-mediated release of SecM arrest to detect folding 
of nascent membrane (Cymer and von Heijne, 2013; Ismail et al., 2012) and soluble proteins 
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(Farías-Rico et al., 2017; Goldman et al., 2015; Marino et al., 2016; Nilsson et al., 2015, 2016, 
2017). Nilsson et al. utilized the approach, in combination with cryo-electron microscopy, to 
map the onset of co-translational folding (Nilsson et al., 2017).  Different versions of the three-
helix bundle spectrin domain begin to fold right around the position where they fully emerge 
from the ribosome exit tunnel. Analyzing several spectrin variants revealed that, surprisingly, the 
onset of nascent chain folding does not correlate with their intrinsic stabilities, folding rates or 
folding pathways of the isolated polypeptides. Instead, the results suggest that interactions with 
the ribosome can alter the folding pathway of a nascent chain compared to the same polypeptide 
in isolation. As a consequence, the folding pathways determined with isolated proteins may not 
always reflect the sequence of events during cotranslational folding, and interactions with the 
ribosome can change the folding properties in ways that are at present not predictable. While the 
arrest peptide assays cannot resolve folding intermediates at the resolution provided by 
biophysical measurements, they nevertheless represent a very useful approach for defining 
“waypoints” for the cotranslational folding of nascent proteins in vitro and in living cells. 
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bodipy fluorophore at the N-terminus of ribosome-tethered apo-myoglobin showed reduced 
conformational flexibility, as compared to the free polypeptide after release from the ribosome 
(Ellis et al., 2008, 2009). Experiments with a disordered protein further suggested that 
electrostatic interactions with the ribosome surface increase nascent chain dynamics (Knight et 
al., 2013), which may explain the destabilization of folded structures in ribosome-bound nascent 
chains that has been observed with other approaches (Cabrita et al., 2016; Kaiser et al., 2011; 
Samelson et al., 2016). 
 By introducing two fluorophores into the nascent polypeptide, folding can be observed 
through fluorescence resonance energy transfer (FRET). Khushoo et al. (Khushoo et al., 2011) 
combined a genetically engineered N-terminal cyan fluorescent protein (CFP), serving as the 
FRET donor, with a small organic fluorophore incorporated at various positions in the nascent 
chain, serving as the FRET acceptor, to map the folding of the first nucleotide binding domain 
(NBD1) in nascent cystic fibrosis transmembrane conductance regulator (CFTR). FRET 
measurements indicated that NBD1 folded into a native-like structure even before the entire 
domain had emerged, suggesting the population of a folding intermediate comprised of the N-
terminal subdomain. Notably, binding of ATP stabilizes the intermediate, facilitating subsequent 
folding as more of the polypeptide becomes available during synthesis. Ligand binding therefore 
promotes the formation of a cotranslational folding intermediate, driving vectorial folding during 
synthesis. 
 Since many proteins have binding sites for small molecules, cotranslational stabilization 
of partially folded structures by ligand binding may be a general mechanism for facilitating 
cotranslational folding. For a system with suitable properties, specific ligand binding itself can 
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report on nascent chain folding and its modulation by the ribosome. Experiments exploiting the 
quenching of flavin mononucleotide upon binding to flavodoxin have recapitulated the 
previously observed destabilization of folded structures and indicated that stabilizing interactions 
due to ligand binding can shift the conformational equilibrium (Houwman et al., 2016). Specific 
binding interactions that drive nascent protein folding are not limited to small molecule ligands. 
Hetero-oligomeric complex formation can similarly begin while one subunit is still being 
synthesized, resulting in complex assembly with increased efficiency in vitro (Fedorov and 
Baldwin, 1995) and in vivo (Shieh et al., 2015).  
 The careful design of an in vitro translation system that combined robust elongation rates 
with efficient incorporation of exogenous spectroscopic probes has recently enabled real-time 
measurements of cotranslational folding (Holtkamp et al., 2015). FRET measurement, using 
donor and acceptor dyes incorporated into the nascent polypeptide (Figure II-3), indicated the 
formation of a compact intermediate early during translation that is not significantly populated in 
the isolated polypeptide. Based on nascent chain length, the intermediate forms within the distal 
part of the ribosome exit tunnel. Limited proteolysis and photo-induced electron transfer (PET) 
measurements confirmed the co-translational population of the intermediate that converts into 
the native structure upon chain elongation or release from the ribosome. More recent work 
(Mercier and Rodnina, 2018) based on analyzing intrinsic fluorescence intensities of different 
fluorophores from FRET- and PET- dependent time courses suggests that the N-terminal a-
helical domain of universally conserved N5-glutamine methyltransferase HemK forms at least 
four intermediates through a “helix docking” mechanism, which is rate-limited only by 
translation. These elegant experiments demonstrate that the ribosomal environment has a 
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magenta. A compact structure is stabilized in the distal portion of the ribosomal exit tunnel (yellow) that spans the 
large ribosomal subunit (dark grey) (step 1). After further elongation, the nascent polypeptide rearranges into a 
native-like structure. (from Holtkamp et al. 2015) 
II-4: NMR spectroscopy 
 FRET measurements provide a sensitive readout of distance changes with good time 
resolution, but yield only one-dimensional information about the structure formed by the nascent 
polypeptide. Nuclear magnetic resonance (NMR) spectroscopy not only provides a sensitive 
measurement of protein structure, but also has the potential to resolve heterogeneous ensembles 
of states that are likely populated during folding. While not probing cotranslationally formed 
structures directly, NMR experiments with human gamma-B crystallin showed that synonymous 
changes in the coding sequence result in the formation of distinct structures of polypeptides with 
identical sequences, demonstrating the importance of local translation rates for correct folding 
(Buhr et al., 2016). 
 Selective isotope labeling of newly translated polypeptides (Buhr et al., 2016; Hsu et al., 
2007) and a recently developed methyl TROSY based pulse sequence (Tugarinov and Kay, 
2003) have enabled high-resolution measurements of nascent chain structure in the context of 
ribosome (Cabrita et al., 2016). Combining constraints from these measurements with molecular 
dynamics simulations yielded structural ensembles of the filamin domain 5 (FLN5) of the 
Dictyostelium discoideum gelation factor (Cabrita et al., 2016). Characterizing the structure of 
nascent chains arrested at several defined positions revealed that FLN5 attains its native structure 
only after at least 47 residues of the following domain (FLN6) have been translated, well after it 
has emerged from the exit tunnel. In the absence of the ribosome, isolated FLN5 folds even when 
lacking four C-terminal residues. Ribosome-nascent chain interactions therefore destabilize the 
native FLN5 structure, effectively inhibiting its folding until a substantial fraction of the 
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following FLN6 domain has been extruded. The NMR experiments also revealed contacts 
between the partially synthesized, disordered FLN6 domain and ribosomal RNA and proteins, in 
particular L23 and L24. These measurements are thus beginning to reveal, in molecular detail, 
the cotranslational interactions that modulate the folding landscape of nascent proteins. 
Consistent with previous studies (Kaiser et al., 2011; Knight et al., 2013), experiments with 
adding ribosome in trans to unfolded FLN5∆12 and unfolded variant FLN5Y719E resulted in 
similar signal reduction as in corresponding RNCs, but not for full-length folding competent 
FLN5, further supports the conclusion that the ribosome selectively interact with unfolded 
nascent chain. 
 NMR spectroscopy of ribosome-bound nascent chains is technically very demanding, and 
the approach is still being developed to its full potential. It promises to be extremely powerful 
because it has the capability to resolve the (equilibrium) structures populated during early 
cotranslational folding at atomic resolution (Cabrita et al., 2016), which is not currently possible 
with other approaches. Simultaneously, such measurements yield information on their 
thermodynamic stability. Due to the long acquisition times, actively elongating ribosome-nascent 
chain complexes cannot be analyzed, limiting the approach to equilibrium measurements with 
stalled nascent chains. Complementing high-resolution structural information from NMR 
experiments with the temporal resolution attainable by fluorescence measurements or force 
spectroscopy (see below) has the potential to yield transformative insights into the dynamics of 
nascent protein folding. 
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II-5: Force Spectroscopy 
 Cotranslational folding is intrinsically a non-equilibrium process. Defining its kinetics is 
therefore crucial. Single-molecule approaches are very powerful tools for dissecting protein 
folding landscapes, yielding not only information about the structures that are populated along 
folding pathways, but also about kinetic rates (Schuler and Hofmann, 2013; Woodside and 
Block, 2014). They resolve the inherent stochasticity of folding and the transient, potentially 
heterogeneous states populated en route to the native state. Single-molecule force spectroscopy 
with optical tweezers has unique capabilities for characterizing cotranslationally formed states 
both kinetically and thermodynamically (Zoldak and Rief, 2013). Mechanical force acts as a 
denaturant, “tilting” the free energy landscape of a protein and favoring states that are more 
extended and less structured than the native state (Bustamante et al., 2004). In contrast to 
chemical denaturants that globally act on all molecules in solution, force is applied locally and 
can therefore be used to selective perturb the stability of nascent proteins while leaving the 
ribosome intact. Manipulation of single molecules also circumvents the problem of inter-
molecular aggregation, which complicates experiments with unfolded or partially structured 
states that are inevitably populated during polypeptide elongation. 
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Figure II-4 Folding of T4 lysozyme on the ribosome. (A) Schematic of the molecular assembly for optical 
tweezers experiments. A ribosome-nascent chain complex is tethered between two polystyrene beads by means of 
DNA handles attached to the large ribosomal subunit and the N-terminus of the nascent polypeptide. Force is 
applied to the tethered complex by moving the optical trap relative to the pipette. The T4 lysozyme polypeptide 
(orange cartoon) is linked to the ribosome by means of a C-terminal Ser/Gly linker (grey). (B) In close proximity to 
the ribosome (41 amino acid C-terminal linker, “+41”), the apparent rate of T4 lysozyme folding is reduced more 
than 100-fold compared to the isolated protein in the absence of the ribosome (“free”). Extending the linker to 60 
amino acids (“+60”) partially restores the folding rate, indicating that the effect of the ribosome on nascent chain 
folding rates strongly depends on distance. (C) Schematic of the folding energy landscape obtained from optical 
tweezers experiments for free (black) and ribosome-bound (red) T4 lysozyme. The ribosome stabilizes both the 
unfolded and an intermediate state. The equilibrium between these two states is not affected by the ribosome, but the 
barrier for the final transition to the native state is increased, explaining the observed deceleration of folding. The 
ribosome therefore modulates a specific step in the folding pathway. (from Kaiser et al. 2011) 
 Optical tweezers have been utilized to study how the ribosome modulates the folding of 
T4 lysozyme (Kaiser et al., 2011) (Figure II-4), a small protein whose folding in isolation has 
been extensively studied (Mercier and Rodnina, 2018). When the T4 lysozyme polypeptide is 
kept in close proximity to the ribosome by means of a 41 amino acid long C-terminal linker, 
folding is slowed down more than 100-fold compared to the protein in the absence of the 
ribosome (Kaiser et al., 2011). Extending the linker to 60 amino acids partially restored folding 
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rates, suggesting that interactions with the ribosome modulate folding. The formation of an 
obligatory folding intermediate, most likely corresponding to the C-terminal subdomain of the 
protein, is not affected by the ribosome, suggesting that the ribosome can modulate specific steps 
along the folding pathway, rather than globally destabilizing any folded structure. Whereas C-
terminally truncated T4 lysozyme adopts bona fide misfolded states and aggregates in isolation, 
both misfolding and aggregation are suppressed in ribosome-bound polypeptides (Kaiser et al., 
2011). A potential function of the ribosome may thus be to prevent premature folding of an 
emerging domain until sufficient polypeptide has been synthesized to allow productive folding. 
 Tuning stabilities and folding rates of nascent polypeptides may be particularly important 
for larger, multidomain proteins. Technical challenges have largely precluded a mechanistic 
understanding of how these complex proteins navigate their intricate folding landscapes. The 
formation of misfolded, off-pathway species that has been directly observed in single-molecule 
experiments (Jahn et al., 2016; Liu et al., 2017) complicates folding to the native structure. 
Domain-wise folding during synthesis is a straightforward mechanism of reducing the 
complexity of the conformational search problem for multi-domain proteins. Cotranslational 
folding is therefore likely to be a key aspect in their biogenesis. Liu et al. have recently reported 
a first step toward dissecting the cotranslational folding pathway of the five-domain protein 
elongation factor G (EF-G) (Liu et al., 2017, also see chapter IV). The N-terminal G-domain of 
EF-G folds into a stable structure both in isolation and on the ribosome. As was observed with 
T4 lysozyme (Kaiser et al., 2011), G-domain folding proceeds more slowly on the ribosome (Liu 
et al., 2017). The kinetic modulation of nascent chain folding by the ribosome, presumably by 
sequestering part of the polypeptide into interactions with the ribosome surface, might thus be a 
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general aspect of cotranslational folding. In the context of a multidomain protein, such 
interactions could also serve to limit the entanglement of several unfolded domains, which would 
otherwise make them prone to inter-domain misfolding. Indeed, further studies with the first two 
domains of EF-G clearly demonstrate that both the ribosome and the molecular chaperone trigger 
factor suppress inter-domain misfolding (chapter V). 
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Chapter III. General materials and method 
III-1: Buffers and Media  
III-1.1: Buffers 
5X SDS-PAGE sample buffer   0.25 M Tris-HCl pH 6.8 
       0.5 M DTT 
       10 % SDS  
       50 % Glycerol 
       0.5 % bromphenol blue 
 
SDS-PAGE electrophoresis buffer    50 mM Tris-HCl pH 8.3 
       380 mM glycine 
       0.1% (w/v) SDS 
 
5X running buffer for (Bis-Tris gel)   250 mM MES (26.65g) 
       250 mM Tris-Base (15.14g) 
       5 mM EDTA (0.931g) 
       0.5% SDS (25mL of 10% SDS stock)  
       pH 7.3 
 
50X TAE-buffer      242 g/l Tris base 
       57.1 ml/l acetic acid 
       50 mM EDTA 
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10X TBE-buffer     108 g/l Tris Base 
       55 g/l Boric Acid 
       40 ml 0.5 M EDTA 
       pH 8.0 
      
TBST        25 mM Tris-HCl, pH 7.2 
       150 mM NaCl 
       0.1% Tween 20 
 
TEV Storage buffer      20 mM Tris-HCl pH 8.0 
       100 mM NaCl 
       1 mM DTT 
       0.5 mM EDTA 
       10% glycerol 
 
HN       25 mM HEPES pH 7.4 
       100 mM NaCl 
 
PBS        137 mM NaCl 
       2.68 mM KCl 
       10.1 mM Na2HPO4 
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       1.76 mM NaH2PO4 
       pH adjusted to 7.4 with HCl 
 
Biomix      13 mM Tris pH 7.0 
       500 μM D-biotin 
       100 mM ATP 
       100 mM Mg-acetate 
 
HKMß       20 mM HEPES pH 7.4 
       100 mM KCl 
       5 mM MgCl2 
       5 mM ß-ME 
 
10X polymix-M buffer (no Mg2+)   5 mM CaCl2   
       50 mM NH4Cl   
       950 mM KCl 
       10 mM spermindine-3HCl 
       80 mM putrescin-2HCl  
 
III-1.2: Media 
LB medium       10 g/l bacto tryptone 
       5 g/l bacto yeast extract 
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       5 g/l NaCl 
       pH adjusted to 7.4 with NaOH 
 
LB agar       16 g/l bacto agar 
       dissolved in LB medium 
 
SOC medium       20 g/l bacto tryptone 
       5 g/l bacto yeast extract 
       5 g/l NaCl 
       2.5 mM KCl 
       pH adjusted to 7.4 with NaOH 
       (after autoclaving, supplemented with) 
       10 mM MgCl2 
       20 mM glucose 
 
III-2: DNA manipulations 
III-2.1: General procedures 
 Gel extraction of DNA fragments, purification of PCR products and clean-up of digested 
DNA fragments were achieved by immobilization of DNA on a silica-based membrane, removal 
of contaminants and subsequent elution in 10 mM Tris-HCl, pH 8 (elution buffer, EB) or H2O 
using commercially available kits (Wizard SV Gel and PCR Clean-Up System, Promega). 
Plasmid DNA was isolated from E. coli DH5α using the same principle (Wizard SV Miniprep 
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System, Promega). Double stranded-DNA was quantitated spectrophotometrically using 
NanoDrop (ThermoFisher Scientific) assuming that 1 A260 unit corresponds to 50 μg double 
stranded DNA. Endonucleases were purchased from New England Biolabs (NEB). Unless stated 
otherwise, Pfu turbo polymerase (NEB) was used to amplify DNA fragments with specific 
primers. PCR reactions were set up in the buffer supplied by the manufacturer without additional 
Mg2+ and contained 10 pmol of each primer, 10 pmol of each dNTP and 2.5 units of the 
polymerase in a volume of 50 μl. Denaturation during the PCR cycle was at 95 °C, annealing 
was at 50 °C and the elongation temperature was 72 °C unless otherwise indicated. After an 
initial denaturation of 2 min, 34 cycles of 30 s denaturation, 30 s annealing and elongation for a 
variable time were conducted. Plasmid was generally generated by Gibson Assembly from NEB. 
A colony of DH5α (NEB) cells transformed with the plasmid of interest was picked with a sterile 
pipet tip and first swirled in the PCR reaction mix before used to inoculate LB medium. 
Transformations were performed exactly following the corresponding competent cell protocols. 
Agarose gels were prepared in TAE buffer containing 1 – 2% agarose and 1:10000 dilution of 
SYBR Safe (Invitrogen) was added for visualization of double stranded DNA by blue LED light 
transilluminator (ThermoFisher Scientific). 
The integrity of the open reading frame (ORF) of all plasmids was verified by sequencing 
(GENEWIZ). For bacterial growth, LB medium was used. When indicated, the medium was 
supplemented with 100 μg/ml ampicillin (LBAmp), 30 μg/ml kanamycin (LBKan), 170 μg/ml 
chloramphenicol (LBCam) or 50 μg/ml tetracycline (LBTet). Chemically competent E. coli 
DH5α and BL21(DE3) cells were purchased as indicated either from NEB or Agilent. For 
transformations of plasmid DNA, they were done exactly following the commercially available 
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mM Tris-HCl, 1 mM EDTA, pH 8). Unreacted material was removed by washing the beads three 
times with TE8. Beads modified with single-stranded DNA (“ssDNA-beads”) were used to 
generate long DNA handles. Beads modified with double-stranded DNA (“dsDNA-beads”) were 
used to immobilize proteins and RNCs. In this case, the double-stranded oligonucleotides 
contained a 4-nucleotide single-stranded overhang with a sequence reverse-complementary to the 
overhang of the CoA-modified double-stranded DNA (dsOligo-CoA DNA). 
III-2.4: On bead PCR 
 To generate bead-immobilized DNA handles, the oligonucleotide on ssDNA-beads was 
extended by Taq polymerase. Beads were incubated with a linear DNA template that had the 
same sequence as the desired DNA handle, a 5’-biotinylated oligonucleotide that served as a 
reverse primer, and PCR mixture (containing Taq polymerase (New England Biolabs), 
manufacturer-provided buffer, and dNTPs). The reaction was subjected to thermal cycling, 
resulting in the synthesis of a 1789 bp long dsDNA handle on the bead-immobilized primer with 
a single biotin at the distal end. Beads were washed to remove unincorporated components and 
incubated with a large excess of streptavidin (ThermoFisher Scientific). Unbound streptavidin 
was removed by repeated washing of the beads. At the end of the procedure, “DNA handle-
beads” contained covalently immobilized DNA handles (1789 bp long) which were stably bound 
at the distal end to a streptavidin molecule. 
III-2.5: On bead ligation 
 To attach protein/RNCs of interest to polystyrene bead for optical tweezers measurement, 
I performed a on bead DNA ligation. The materials include pre-cleaned 2 µl of ~0.3% dsDNA-
beads (~7 *105 beads/µl), 1.5 µl of 10 X ligation buffer (NEB B0202S), 1.5 µl ATP/Mg (10 mM 
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ATP, 10 mM Mg), 7 µl RNCs/protein sample and 3 µl of T4 ligase (NEB M0202S). The reaction 
was incubated at room temperature for 2 hours, and can be quenched by adding 2 µl of 50 mM 
EDTA for protein samples. 
III-3: Protein preparative methods 
III-3.1: Purification of EF-G constructs 
 Plasmids were transformed into BL21-Gold(DE3) (Agilent Technologies) host cells for 
recombinant gene expression. Expression and purification procedures were the same for all 
constructs including full-length EF-G, Galone, G-II, G-II-III. Protein expression was induced with 
final concentration of 0.2% (w/v) L-Arabinose (AMRESCO) at 25°C when OD600 reached 
0.4~0.6. Cells were harvested 5 hours after induction at 25°C (or 2 hours at 37 °C). Cells were 
lysed using an EmulsiFlex-C5 (Avestin) in buffer HN (25 mM HEPES-KOH, pH 7.4 100 mM 
NaCl). After cell lysis and centrifugation at 30,000 g, 4°C for half an hour to remove cell debris, 
the proteins were affinity purified from the supernatant using a 5 ml HisTrap column 
(GE Healthcare). The protein was dialyzed against buffer HN overnight, together with 1:1000 
(w/w) Ulp1 to remove the His6-SUMO tag (Mossessova and Lima, 2000). The cleaved protein 
was applied to the HisTrap column again (after removal of imidazole by dialysis) to remove the 
His6-SUMO moiety and the His6-tagged Ulp1 enzyme. The flow through was saved for further 
modification. Purified protein was then incubated with BirA biotin ligase (1 µM) in 1X 
biotinylation buffer (500 µM D-biotin, 5 mM ATP, and 5 mM Mg-acetate) at 25°C for 1 hour to 
ensure complete biotinylation of the Avi-tagged protein. The product was concentrated and 
loaded onto a HiPrep 16/60 Sephacryl S-300 HR column (GE Healthcare) and eluted with 
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HKMD buffer (25 mM HEPES-KOH, 100 mM KCl, 5 mM Mg-acetate, 2.5 mM DTT). After 
concentration, protein aliquots were flash-frozen and stored at -80°C.  
III-3.2: Purification of Trigger factor (TF) 
 TF was overexpressed with a TEV protease cleavable N-terminal His6-tag from a 
pPROEX-HTa based plasmid (Kaiser et al., 2006) in BL21-Gold(DE3) (Agilent Technologies) 
cells at 37°C for 3 hours. The cells were lysed at in buffer PBSI20 (137 mM NaCl, 2.68 mM 
KCl, 10.1 mM Na2HPO4, 1.76 mM Na2HPO4, 20 mM Imidazole, pH 7.4) by three passages 
through an EmulsiFlex-C5 (Avestin) homogenizer at 15,000 psi. The supernatant after 
centrifugation at 30,000 g, 4°C for 30 minutes was recovered and applied to a HisTrap column 
(GE Healthcare) charged with Ni2+. The eluate was dialyzed against PBS buffer with 2 mM DTT 
together with His6-tagged TEV protease (2 mg/ml, purified in-house) at a ratio of 100:1 (v/v) 
overnight at 4°C. After digestion, the sample was passed over a HisTrap column again. His6-
tagged TEV protease, un-cleaved His6-tagged TF and the cleaved His6-peptide were retained on 
the column. The flow through, containing TF without the His6-tag, was collected, flash-frozen 
and stored at -80°C. 
III-4: Derivatization of protein with DNA handles 
 To introduce DNA handles for tethering, I incubated the purified ybbR-tagged proteins 
with CoA-modified double-stranded DNA (dsOligo-CoA) and in-house purified Sfp enzyme 
(Yin et al., 2006) in HM buffer (50 mM HEPES-KOH, 10 mM MgCl2, pH 7.4) with final 
concentration of ~50 µM proteins, 50 µM dsOligo-CoA, and 5 µM Sfp. The enzyme couples the 
CoA-moiety to a specific residue in the ybbR-tag, resulting in position-specific, covalent 
coupling of the oligonucleotide to the protein. The dsOligo-CoA contained a 4-nucleotide single-
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sedimented through a 1 M sucrose cushion in buffer HKMß (25 mM HEPES-KOH, pH7.4, 150 
mM KCl, 5 mM Mg-acetate, 5 mM β-mercaptoethanol) by ultracentrifugation for 40 min at 
200,000 g, 4oC. The supernatant was discarded and the pelleted RNCs were resuspended in 
HKM buffer. Translation products were analyzed by SDS-PAGE followed by detection with 
Streptavidin-HRP (Southern Biotech) after electro-blotting onto a nitrocellulose membrane to 
confirm accumulation of the expected product. 
 RNCs were prepared as described previously (Kaiser et al., 2011). I generated PCR 
products that share the same 5’ T7 promoter and ribosome binding site, but end at the indicated 
codon positions. The PCR products did not encode a stop codon. PCR products were in vitro 
transcribed (T7 MegaScript Kit, Ambion), and the mRNAs were isolated (MegaClear Kit, 
Ambion) after digestion of template DNA. Stalled RNCs were generated using a reconstituted in 
vitro translation system (PURExpress ∆Ribosome Kit, New England Biolabs) supplemented with 
ribosomes (Kaiser et al., 2011; Liu et al., 2017). Prior to the translation reaction, ribosomes were 
reacted with CoA-modified oligonucleotides and isolated by centrifugation. I utilized a >3-fold 
molar excess of mRNA over ribosomes to favor the formation of monosomes. The translation 
reaction also contained biotin and the BirA enzyme, resulting in biotinylation of the nascent 
polypeptide at an N-terminal Avi tag, which provide an attachment point in optical tweezers 
experiments. Because the mRNAs did not contain a stop codon, the translation product 
accumulated as a stably stalled peptidyl-tRNA that was sensitive to puromycin treatment, as 
assessed by Western blotting (Figure III-2). These RNCs were isolated by centrifugation through 
a sucrose cushion, dissolved in buffer HKMß, flash-frozen and stored at -80°C. Immediately 
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specified, the maximum force as well as folding time at minimum force vary among 
experiments. A full cycle of force ramp experiment is defined as pulling from the minimum to 
the maximum force, relaxing back to the minimum force and waiting time at the minimum force 
for the indicated time (Figure III-3A). The cycles were repeated until the tether broke.  
III-6.2: Optical tweezers force clamp experiments  
 Prior to force-clamp measurements, I subjected each tethered molecule to several force 
ramp cycles to verify that it exhibited the expected characteristic unfolding signature. In force 
clamp measurements, tethered proteins or RNCs were first stretched to high force until unfolding 
was observed. Subsequently, the force was set to low force in one step. While holding the 
molecule at this force, changes in molecular extension over time were followed to monitor the 
folding process of the molecules at a sampling frequency of 1000 Hz. After refolding of the 
protein, the process of unfolding at high force and refolding at low force was repeated.  
III-7: Single-molecule data analysis 
III-7.1: Constant velocity data analysis  
 During constant velocity (force ramp) experiments, the optical trap was continuously 
moved, resulting in a continuously increasing force on the tethered molecule (Figure III-3A). 
The unfolding rate increases exponentially with the applied force and therefore continuously 
increases in this type of experiment until the molecule ultimately unfolds. Unfolding transitions 
are apparent as “rips” in the force extension curves (FECs). Each rip is characterized by an 
unfolding force (Funf) and a change in molecular extension (Dxunf). As the protein unfolds, it 
transits from a stiff, compactly folded structure to a soft, extended polypeptide. As a 
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consequence, the stiffness of the tether decreases, while the contour length increases 
simultaneously, causing a drop in force. Subsequently, the force increases again because the trap 
continues to move. 
 The Funf was determined by locating discontinuities in the FECs using a custom Matlab 
script. To determine Dxunf, the difference in extension before and after the rip at Funf was 
measured (Figure III-3B). Because the extensions are measured at the same force, parts of the 
tether that do not change (e.g. the ribosome, domains that remain folded, DNA handles) have no 
effect on the measured extension change. The measured change therefore reflects only the 
contribution from the part of the polypeptide that has unfolded in a particular transition. The 
measured extension change is a relative change, i.e. it is independent of the absolute length of the 
tether. To better characterize the unfolded protein, the interpolation formula of worm like chain 















where F is the force, kb is the Boltzmann constant, T is the absolute temperature, lp is the 
persistence length of protein, which is 0.65 nm if not otherwise specified, x is the extension that 
was observed in force ramp experiment, Lc is the contour length, which is 0.36 nm * Naa, where 
Naa is the number of amino acids of the protein. 
 Because the lifetimes of a given folded structure at any given force are stochastic, 
unfolding does not occur at a single discrete force in single-molecule force ramp experiments. 
Instead, the unfolding forces for a particular structure follow a characteristic distribution (Dudko 





refolding forces in force ramp experiment are, near equilibrium measurement at certain constant 
force can be performed. A typical trajectory of a single protein folding and unfolding in 
equilibrium is shown as Figure III-4A. The unfolded and folded states are usually distinguished 
by differences in either extensions or kinetics. In order to assign the observed states, Hidden 
Markov Model (HMM) is usually used. It uses probabilistic arguments to associate the individual 
data points of trajectory (o1, o2, ……, oT), to hidden states xi (Figure III-4B). The hidden states 
and their transition probabilities are defined by a Markov process and each hidden state with a 
certain emission probability to create a certain observable. The forward-backward algorithm 
allows the determination of the most probable state of the hidden network for each point of the 
trajectory. Using them together with Bayes’ rule (Chodera et al., 2011) allows the determination 
of the probabilities P to be in the hidden states xi at a certain time point t for all measured 
observables: 
𝑃𝑥𝑜X,𝑜a, … , 𝑜V	 ∝ 𝛼𝑖, 𝑜X,𝑜a, … , 𝑜V	𝛽𝑖, 𝑜X,𝑜a, … , 𝑜V	, 
where αt is the forwards variable, while 𝛽t is the backwards variable. After assigning the states, 
as in the case of Figure III-4A, the life time distribution can then be fit by single exponential 
distribution to extract the mean life time <𝜏> (Figure III-4C), which is also 1/k, where k is the 
unfolding/folding rate. In more complex cases, where there are multiple states, the rate can then 
be written as: 
𝑘 = − ln1 − 𝑇 ∙ 𝛿, 
where kij is the transition rate from state i to j, Tij is the transition probability from state i to j, and 
𝛿 is the sampling rate. 
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Chapter IV. The ribosome destabilizes a nascent 
multidomain protein 
IV-1: Introduction 
 Combining multiple domains into a single polypeptide chain is a widely used 
evolutionary strategy for generating proteins with novel functions (Han et al., 2007). 
Consequently, all proteomes contain a substantial fraction of multidomain proteins. Like all 
cellular proteins, these large proteins are synthesized as linear polypeptides by the ribosome and 
must fold into precisely ordered structures to become biologically active. While small proteins, 
which often fold rapidly into their native structures, have been extensively studied (Dill and 
MacCallum, 2012; Sosnick and Barrick, 2011), we know much less about the principles that 
govern the folding of large, multidomain proteins (Braselmann et al., 2013). 
 Large proteins often fail to refold efficiently upon dilution from denaturant and instead 
form insoluble aggregates of misfolded species, making it challenging to study their folding 
experimentally (Braselmann et al., 2013). In vivo, however, these proteins fold faithfully to 
avoid misfolding and potentially toxic aggregation (Dobson, 2003), even in the crowded cellular 
environment. Thus, the traditional approaches that have provided invaluable insight into the 
biophysical principles of folding are not capturing features that are crucial for complex, 
multidomain proteins.  
 In the cell, proteins begin to fold while they are still being synthesized by the ribosome. 
Co-translational folding (Rodnina and Wintermeyer, 2016) is a likely mechanism to reduce the 
complexity of folding by allowing sequential, domain-wise folding. Nascent proteins remain in 
close proximity to the ribosomal surface and are not released until their synthesis is complete. 
 48 
The ribosomal environment and the process of synthesis itself can have profound consequences 
on the folding efficiency and, in some cases, the folding outcome (Cabrita et al., 2016; Evans et 
al., 2008; Hoffmann et al., 2012; Kaiser et al., 2011; Khushoo et al., 2011; Kimchi-Sarfaty et al., 
2007; Nicola et al., 1999; Siller et al., 2010; Spencer et al., 2012; Ugrinov and Clark, 2010; 
Zhang et al., 2009). Several studies have found that interactions with the ribosome destabilize 
nascent proteins (Cabrita et al., 2016; Kaiser et al., 2011; Knight et al., 2013; Samelson et al., 
2016) and reduce their folding rates (Kaiser et al., 2011), but the underlying mechanisms are not 
well understood. These studies were largely carried out using robustly folding small proteins or 
domains that were tethered to the ribosome through an artificial C-terminal extension. How the 
ribosome affects multidomain protein folding has remained largely unexplored. 
 Here, I have begun to develop elongation factor G (EF-G) from Escherichia coli, a 
GTPase with an essential function in translation elongation, as a model to study how the 
ribosome affects the folding of a cytosolic multidomain protein. EF-G has five domains (termed 
G-domain, II, III, IV, and V, Figure IV-1) that comprise a total of 704 amino acids (Pulk and 
Cate, 2013). All organisms contain EF-G homologs. The combination of an N-terminal GTP-
binding domain (G-domain) with additional domains, as in EF-G, represents an even more 
widespread motif (Yamamoto et al., 2014). Thus, the EF-G structure represents a common 
scaffold, variations of which give rise to a number of distinct proteins (Yamamoto et al., 2014). 
Understanding the folding of the complex multidomain protein EF-G may thus shed light onto 
the properties that guide the folding of a large group of proteins that are built on similar 
structural scaffolds, and enable comparisons among these proteins to determine to what degree 




consistent with the notion that EF-G in our construct is natively folded and completely unfolds in 
the force range probed in our experiments (2 to 50 pN). 
 The step-wise unfolding over a large range of forces suggests that at least some of the 
EF-G domains unfold independently. I calculated the expected length changes for each domain 
based on the EF-G crystal structure (Pulk and Cate, 2013) (see Table IV-1).  
domain n1 n2 Δxnative (nm) ΔLC,calc (nm) 
G 1 293 2.6 102.9 
II 294 410 1.9 40.2 
III 411 485 2.5 24.5 
IV + V 486 699 1.5 75.5 
V 615 686 0.6 25.3 
Table IV-1 EF-G domain dimension calculations. N1 is the starting amino acid residue position and n2 is the 
ending amino acid position. ∆xnative is the end to end distance of native state based on the crystal structure. ∆LCcalc is 
the expected contour length change after unfolding for each domain. 
 The transitions at the highest force, occurring between 30 and 45 pN, show a mean contour 
length change of 102.3 nm (± 2.2 nm, std), in good agreement with the 102.9 nm expected for 
unfolding of the N-terminal G-domain (Figure IV-3B, red line). Experiments with the isolated G-




the reasoning above, it is very likely that domain III unfolds first (green line in Figure IV-3B), 
followed by domains IV and V either individually (blue and purple lines) or in combination 
(dashed blue/purple line in Figure IV-3B). In summary, the observed extension changes largely 
match the expectation based on the EF-G crystal structure. Overall, our findings indicate that – 
with the exceptions pointed out above – the EF-G domains mostly unfold individually. 
IV-2.2: EF-G refolds inefficiently 
 To probe the folding of full-length EF-G after complete unfolding, I relaxed the force on 
the polypeptide to initiate refolding and held the molecule at 2 pN for 10 seconds. Subsequent 
stretching typically yielded different sets of transitions (Figure IV-3A). After refolding, I never 
observed a subsequent force-extension curve that exhibited a complete sequence of unfolding 
transitions resembling the initial unfolding trace, indicating that the protein did not fold back 
completely into its initial structure within the given refolding time interval. Many of the force-
extension curves recorded after the refolding pause exhibited poorly defined unfolding 
transitions at low forces (F < 5 pN) with length changes that could not be reliably measured and 
are thus not represented in Figure 1D. The transitions observed at low forces (between 5 and 10 
pN) with variable extension changes perhaps represent collapsed, molten globule-like states 
without a high degree of tertiary structure. Some of these structures unfold with extension 
changes substantially longer than expected for the largest domain (i.e., to the right of the solid 
red line in Figure IV-5), indicating that sequences from several domains participate in their 
formation. Overall, the protein mostly adopts mechanically labile and heterogeneous structures, 




Shortening the refolding pause to 1 second resulted in a decreased folding probability of prefold(1 
s) = 0.32, while increasing the waiting time at 2 pN to 15 seconds increased the folding 
probability to prefold(15 s) = 0.79. A high likelihood of forming additional tethers between the 
beads during longer waiting times prevented us from extending the refolding time beyond 15 s. 
This increase in refolding probability over time indicates that the lower force unfolding events in 
our G-domain force ramp measurements represent partially folded states that will ultimately 
convert to the more stable structure, given enough time. Overall, the isolated G-domain robustly 
folds into mechanically stable structures that unfold in a force range of 30 pN to 50 pN.  
IV-2.4: The G-domain transiently populates an unfolding intermediate 
 A fraction of the high-force unfolding transitions of the G-domain occurs in two distinct 
steps, whereas only a single step is resolved in the remaining unfolding transitions (Figure IV-6A 
and B). The single transitions show a contour length change of 101.4 nm (± 1.82 nm, std). For 2-
step transitions, a small rip with a contour length change of 11.1 nm (± 1.03 nm, std) is followed 
by a larger transition of 89.9 nm (± 1.55 nm, std) within a time interval of 200 milliseconds, 
indicating that the protein populates an unfolding intermediate that is highly unstable in the 
unfolding force range. Combining the transitions in each trace yields a total change of 101.0 nm 
(± 1.52 nm, std), very close to the value obtained for 1-step transitions. The fraction of 2-step 
unfolding events among all unfolding events is f2-step = 0.39. It thus is possible that either the 
molecule populates different states that yield similar total unfolding extension changes, or that 
the molecule unfolds through two different pathways. Alternatively, the short lifetime of the 
intermediate could result in failure to detect the intermediate at our sampling rate (1 kHz). 

 59 
IV-2.5: The G-domain adopts distinct structured states 
 The above result makes it very unlikely that our finite sampling rate alone can account 
for the fraction of traces with only one transition (f1-step = 1- f2-step = 0.61). Instead, at least two 
unfolding processes must underlie the observed behavior, one that populates the intermediate, 
and one that occurs in a single step. This notion is further supported by the observation that the 
1-step and 2-step events occur with distinct unfolding force distributions (Figure IV-8A): the 
distribution of 1-step transitions is skewed toward lower values compared to that of 2-step 
transition. Thus, while the 2-step events represent a homogeneous population of unfolding 
events, the one-step events are likely a mixture of two components: one component represents 
events that are actually two-step transitions in which the intermediate has not been resolved in 
our measurements (see above), the other component represents a process with different unfolding 
parameters that, on average, occurs at lower force. Since we observe the unfolding intermediate 
in many of the initial unfolding curves as well as in the full-length protein (Figure IV-3), its 
population is likely a hallmark of the natively folded G-domain. 
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Figure IV-8 G-domain populates two distinct structured states. (A) Histograms of unfolding force distributions 
comparing two-step events (red bars) and one-step events (yellow bars) to the unfolding force measured during the 
initial stretching of the G-domain (black bars). For two-step events, only the unfolding force for the first step is 
considered. The distribution of the initial unfolding events is very similar to that of two-step events, but not to that 
of the one-step events. (B-D) Analysis of the unfolding force distributions for two-step events (B), one-step events 
(C), and combined events (D) from the 10 s refolding dataset. Red and yellow lines represent calculated probability 
densities using Bell’s model, with parameters extracted by transforming the unfolding force distributions (red and 
yellow bars) into force-dependent lifetimes using the method of Dudko et al. (2008). The orange bars in D represent 
the entire unfolding force distribution and a calculated probability density (orange line) that is a combination of the 
two models in B and C. weighted by the probability of the individual components. The scatter plots on top highlight 
the data that was used for the respective analysis and plot on the bottom. 
 In order to resolve the two components observed during G-domain unfolding and 
characterize them individually, I first focused on only the 2-step transitions, which can easily be 
identified and represent component 1. Analysis of the force distribution for the first transition of 
2-step events using Bell's model (Bell, 1978; Dudko et al., 2008) yielded a distance to the 
transition state for unfolding of Δx‡unfolding = 1.20 nm ± 0.08 nm and a native state lifetime of τ0 = 
113653 s ± 92012 s (Figure IV-8B). The large uncertainty for the value of the native state 
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lifetime is in part due to the relatively large unfolding forces, which requires long extrapolation 
to zero force.  
 I next estimated the parameters of the second unfolding component. I assume that the 1-
step transitions represent a mixture of components 1 and 2 due to missed detection of the 
unfolding intermediate with a probability of pmiss = 0.14 (see above). I calculated the fraction of 
events that component 1 contributes to the 1-step transitions and corrected the unfolding force 
distribution of 1-step events accordingly (see Table IV-2). Analysis of the resulting unfolding 
force distribution  
data set N1-step N2-step fC2 α 
1 s refolding time 110 57 0.92 0.60 
10 s refolding time 115 87 0.88 0.50 
15 s refolding time 129 78 0.90 0.56 
Table IV-2 G-domain two components analysis.  
(Figure IV-8) yields parameters of Δx‡unfolding = 0.90 nm ± 0.06 nm and τ0 = 4956 s ± 2606 s for 
the data set with a 10 s refolding pause. The fraction of component 2 in the complete data set 
from 10 s refolding time is α = 0.5 (Table IV-2). Using these parameters, I am able to 
recapitulate the total distribution of unfolding forces reasonably well (Figure IV-8).  
 Thus, two components with similar transition state distances, but different zero force 
lifetimes are needed to describe unfolding of the G-domain. When we compare the three data 
sets with different refolding times (1 s, 10 s and 15 s), we find similar parameters for the 
component 2 transition state distance and lifetime (Supplementary Material, Table IV-3). The 
probability of component 2 also remained relatively constant over the variation of refolding time. 
we obtained α = 0.60 for a refolding pause of 1 s and α = 0.56 for a refolding pause of 15 s 
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(compared to α = 0.5 for a 10 s refolding pause). We think these values are not significantly 
different therefore the component fraction remains constant with different folding time. 
data set Δx‡unfolding (nm) τ0 (s) 
1 s refolding time 0.96  ± 0.06 8000 ± 4214 
10 s refolding time 0.90 ± 0.06 4956 ± 2606 
15 s refolding time 0.94 ± 0.04 7649 ± 2530 
combined 0.94 ± 0.06 7539 ± 3768 
Table IV-3 G-domain two components fitting results.  
 Our analysis indicates that component 2 is observed in ~55% of all unfolding events. At 
least two scenarios can explain the observation of these components: The natively folded G-
domain could unfold through two different pathways, each with its own unfolding force 
distribution. Alternatively, the G-domain could adopt two distinct states during refolding, each 
with its own mechanical stability. To distinguish between these two possibilities, I carried out 
experiments in which I set the upper force limit to 30 pN. Due to the differences in unfolding 
force distributions described above, the probability of observing component 1 unfolding is lower 
than that of observing component 2 unfolding (punfolding(C1,F≤30 pN) = 0.03 and 
punfolding(C2,F≤30 pN) = 0.07). In the alternative pathways scenario, the lower force-route is 
available during each pull, and I would thus expect unfolding at the higher of the two 
frequencies. If alternative states account for the mixed distributions discussed above, unfolding 
in this force range should be rare, since the two components do not appear to quickly 
interconvert (see above results for different refolding times). When I repeatedly stretched the 
folded G-domain to 30 pN in force ramp experiments, I observed unfolding with a probability of 
0.016 (5 events in 314 attempts, 5 molecules), much lower than what is expected for component 
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2 (p-value = 0.002 from Student's t-test) and for the entire set of unfolding data, which has an 
overall probability of unfolding below 30 pN of 0.04. This finding makes it unlikely that 
component 2 represents an alternative unfolding pathway. 
 Importantly, the force distribution of only the initial unfolding transition for each 
molecule (52 molecules total), which presumably occurs from the natively folded state, matches 
much better with the 2-step unfolding forces than the with the total unfolding force distribution 
(Figure IV-8A). It therefore appears that, after initial mechanical unfolding, the G-domain can 
refold into at least two states with indistinguishable length changes upon unfolding, but different 
mechanical stabilities. The fact that initial unfolding occurs with a force distribution similar to 
component 1 makes it likely that component 1 represents the native state, whereas component 2 
represents a non-native state that is adopted in about half of all refolding attempts. 
IV-2.6: The ribosome slows G-domain folding 
 The autonomous folding of the G-domain makes it likely that folding begins as soon as 
the domain emerges from the ribosome during EF-G synthesis. The ribosome has previously 
been shown to modulate nascent protein folding (Kaiser et al., 2011). We therefore asked 
whether the ribosome also has an effect on the nascent G-domain. To this end, I generated 
ribosome-nascent chain complexes (Figure IV-9A) using an in vitro translation system that was 
programmed with in vitro transcribed mRNA (Kaiser et al., 2011). The mRNA terminated at 
codon 328 of the EF-G sequence (CCG, encoding proline). Due to the absence of a stop codon, 
the translation product accumulates as a peptidyl-tRNA (Figure IV-9B) that is stably anchored in 
the ribosomal P-site. With the arrest position 35 amino acids downstream of the G-domain 
boundary, domain II serves as a natural spacer that allows the entire G-domain to emerge from 
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of the full G-domain. These states are not observed with the isolated G-domain and could 
represent folding intermediates that rapidly progress to the fully folded state in the absence of the 
ribosome, but accumulate in G-RNC due to a deceleration of the forward folding rate.  
 
Figure IV-10 Force-extension change scatter plot for G-RNC unfolding. All transitions obtained when 
repeatedly stretching G-RNC are plotted as open circles. The 2-step transitions are further plotted as solid small 
circles, with connected lines indicating that they are sequential transitions from the same stretching curve. The 
native 2-step unfolding is well separated from the non-native 2-step transitions in force as well as the extension 
changes. 
 The overall folding toward the stable structures is markedly slower for G-RNC than it is 
for the G-domain alone. Under identical refolding conditions, G-RNC folds into stable structures 
much less frequently than the isolated G-domain. I observed native state unfolding with an 
overall probability of prefold (G-RNC, 10 s, 2 pN) = 0.27 after a refolding pause of 10 seconds at 2 
pN, a value similar to that obtained for the isolated G-domain after a 1 second pause (prefold(G-
domain, 1 s, 2 pN) = 0.32). Thus, overall folding of G-RNC is decelerated approximately 10-fold 
compared to the isolated protein.  
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components to similar extents. The ln(kunf) vs F plots exhibit rollover at high force, indicating that the barrier for 
unfolding begins to disappear in this regime. 
 unfolding, Δx‡unfolding = 1.23 nm ± 0.15 nm, is similar for both the G-domain and G-RNC. These 
results indicate that the G-RNC has a slightly higher unfolding rate than the G-domain alone, at 
least in the experimentally accessible force range.  
 Similar to what we observed for isolated protein, G-RNC appears to populate two stable 
states. The force distribution for 1-step unfolding events is well described by a two-component 
model (Figure IV-11A) as described above for the free G-domain. The second component has 
parameters of Δx‡unfolding = 0.68 nm ± 0.05 nm and τ0 = 388 s ± 152 s. Thus, the second 
component has a zero-force lifetime much shorter than the one determined for the G-domain 
alone, suggesting that the ribosome destabilizes the non-native state. The probability of 
component 2 in the distribution is α = 0.62, similar to what we observed for the isolated G-
domain, indicating that the presence of the ribosome does not alter the probability of folding into 
either the native state (component 1) or the non-native state (component 2). Consistent with this 
observation is the fraction of 2-step events that are unique to the native state, f2-step = 0.33, similar 
to the value determined in the absence of the ribosome (see above). In summary, the ribosome 
affects several aspects of G-domain folding. It destabilizes both the native and the non-native 
state and reduces the overall forward folding rates. 
IV-3: Discussion 
 Here, I have made a first step toward developing elongation factor G, EF-G, as a model 
to study multidomain protein folding and the influence of the ribosome on the process, using 
mechanical manipulation of individual molecules with optical tweezers. Since EF-G folding has 
not previously been studied, I first characterized the properties of individual domains in the 
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context of the full-length protein, and then proceeded to characterize how folding of the N-
terminal G-domain, which may represent a crucial step during the biogenesis of the full-length 
protein, is affected by the ribosome. 
 Unfolding of full-length EF-G proceeds from the C-terminal portion of the molecule and 
occurs mostly in a domain-wise fashion. The three C-terminal domains unravel at relatively low 
forces, well below 20 pN. While I cannot unambiguously assign these transitions to the 
individual domains, domain III appears to be mechanically weakest, unfolding below 15 pN. 
Domains IV and V are slight more stable. They often unfold in one apparent step, indicating 
energetic coupling. In fact, domain IV is discontinuous in sequence, straddling domain V. This 
arrangement is reminiscent of the subdomain arrangement in T4 lysozyme, where a similar 
topological coupling results in folding cooperativity important for efficient folding (Shank et al., 
2010). 
 The two N-terminal domains, domain II and the G-domain, unfold at high forces. Most 
likely, the extensive interface between the two domains ruptures first, releasing amino acids 294 
to 317 in the loosely structured region just upstream of the first strand of the domain II beta 
sheet. Based on the crystal structure, such a rupture would result in a contour length change of 
8.9 nm, very close to the observed first transition during domain II unfolding (9 nm). The 
resulting partially structured domain II is highly unstable and quickly unfolds (chapter V). Thus, 
the G-domain and domain II are energetically coupled, although through a mechanism that is 
different from the one described for domains IV and V above. 
 Attempts to refold the full-length protein did not result in complete renaturation. In a 
small fraction of attempts, domains III, IV, and V appeared to regain their initial structure. Even 
 69 
more rarely, the G-domain refolded. Overall, folding of the full-length protein was very 
inefficient, even at the level of individual domains. Inefficient folding of the G-domain in the 
full-length protein is in contrast to robust refolding of the same domain in isolation.  
 Perhaps several unfolded domains form non-native, off-pathway structures that need to 
unfold for productive folding to proceed. The observation of transitions that are longer than any 
individual domain (Figure IV-5) supports this interpretation. Similar effects have been observed 
for heat shock protein 90 (Jahn et al., 2016), another multidomain protein. During folding in 
vivo, domain-wise folding during synthesis likely avoids a scenario in which all domains in a 
given polypeptide molecule are simultaneously unfolded. Notably, I did not observe a single 
occurrence of domain II refolding. It is possible that domain II requires contacts with the 
structured G-domain to be stably folded, given the extensive interface between the two domains 
in the native structure. A similar scenario has been observed for phosphoglycerate kinase, whose 
C-terminal domain requires the N-terminal domain to fold (Young et al., 2007), perhaps 
reflecting a general hierarchy of domain-wise folding from N- to C-terminus. If properly formed 
upstream structures are important for subsequent folding, it would be particularly important that 
they complete their folding in an efficient and timely manner to avoid accumulation of unfolded 
domains that enter into detrimental interactions. 
 The N-terminal G-domain indeed folds autonomously as soon as it emerges from the 
ribosome during EF-G synthesis. When the G-domain folds in close proximity to the ribosome, 
overall refolding rates are reduced approximately 10-fold. The ratio of the native to the non-
native state does not appear to be affected, suggesting that the pathways leading to these states 
branch after common initial steps, and that the ribosome affects steps before branching. Reduced 
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folding rates may generally help to delay folding of individual domains or small proteins during 
synthesis until sufficient sequence has been produced for the nascent polypeptide to enter into 
productive folding pathways. In the context of multi-domain proteins, an additional function 
could be the stabilization of partially structured states competent to form native interfaces with 
other domains. In the related scenario of forming a complex between structures encoded on 
separate polypeptides, the ribosome - together with molecular chaperones - has been shown to 
play a crucial role (Fedorov and Baldwin, 1995; Shieh et al., 2015). Folding of domain II and the 
formation of the G-domain-domain II structural unit might require similar contributions, which 
would explain why it fails to fold during renaturation of full-length EF-G. 
 In addition to decreasing forward folding rates, the ribosome also decreases the 
(mechanical) stabilities of the native and non-native G-domain states, suggesting increased 
unfolding rates. Destabilization of structured nascent proteins by the ribosome has previously 
been observed by us (Kaiser et al., 2011) and others (Cabrita et al., 2016; Samelson et al., 2016). 
Our optical tweezers experiments are non-equilibrium measurements that do not allow us to 
directly determine thermodynamic stabilities. The observation that the ribosome decreases G-
domain folding rates while at the same time increasing the rate of unfolding could suggest a 
thermodynamic destabilization, which would be in agreement with direct thermodynamic 
measurements of nascent chain stabilities by NMR spectroscopy (Cabrita et al., 2016) and 
proteolysis (Samelson et al., 2016). Structural destabilization is thus emerging as a general effect 
of the ribosome on nascent polypeptides, at least in the case of natural proteins. The folding of 
the artificially designed Top7 protein (Kuhlman et al., 2003), on the other hand, is not detectably 
affected by the ribosome (Goldman et al., 2015), raising the possibility that destabilization by the 
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ribosome is an evolved property of natural proteins with significance for de novo folding. 
However, few proteins have been investigated in this respect so far, and a much larger data set is 
required to evaluate this hypothesis.  
 Interestingly, our unfolding experiments reveal a dichotomy within the G-domain 
unfolding transitions. Multiple parallel unfolding pathways could in principle explain this 
behavior and have in fact been observed experimentally for the src SH3 domain (Zhuravlev et 
al., 2016). However, we do not observe upward curvature in a plot of ln(kunf) vs. force (Figure 
IV-11C), a hallmark of this behavior. Instead, our results indicate that the G-domain populates 
two distinct states. The natively folded state is characterized by a narrower force distribution 
centered around a higher mean force and often populates a short-lived unfolding intermediate. 
The non-native state unfolds at lower force without populating this intermediate and is either not 
yet fully structured or has entered a misfolded state. On the time scale we were able to follow 
refolding (1 to 15 s), the relative population of the non-native state does not decrease, even 
though the fraction of structured states (both native and non-native) increases during this time 
interval. Thus, the non-native state likely represents a misfolded or trapped state that does not 
directly convert into the native structure, at least not on the time scale of overall productive 
folding. Interestingly, the non-native state is destabilized more than the native state, as judged by 
the shift in the unfolding force distributions. Thus, the ribosome does not prevent the formation 
of this state, but facilitates its unfolding. In the cell, ribosome-binding molecular chaperones 
(Kim et al., 2013) like trigger factor probably further destabilize misfolded states. Contributions 
from the ribosome may enhance this important biological activity. 
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 The structural identity of the non-native G-domain state is not clear. It unfolds with an 
extension change indistinguishable from that of the native state at only slightly lower forces. 
This observation could suggest that the termini of the protein are in a similar configuration in 
both states, but form a different network of interactions with the rest of the domain. We note that 
our construct (residues 1-294 of EF-G) contains 11 proline residues, which are all in the trans 
conformation in the EF-G crystal structure. It is possible that the non-native G-domain structure 
that we observe in our experiments contains cis prolines. Destabilization of the native structure 
by the ribosome could help to avoid the formation of stable structure containing incorrect proline 
conformers, facilitating isomerization to the correct conformers by peptidyl-prolyl isomerases 
such as the ribosome binding-chaperone trigger factor. Additional studies are required to 
unambiguously determine the structural identity of the non-native state and its significance for 
overall productive folding. 
 Taken together, our studies demonstrate that the previously observed destabilization of 
nascent polypeptide structures occurs in an authentic globular multidomain protein, EF-G. This 
contribution of the ribosome may help efficient folding of the G-domain, the first domain to 
emerge during EF-G synthesis, whose folding might represent an important waypoint en route to 
the native full-length protein. 
IV-4: Materials and methods 
III-4.1: Transforming unfolding force distribution to force-dependent rates 
 To extract the lifetime and transition state distance at zero force for the G-domain and G-
RNC, I applied the method developed by Dudko et al. (Dudko et al., 2008). Force dependent 
loading rates were either directly determined from our experimental data or modeled using the 
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equation described in (Dudko et al., 2008). I then fitted our data using Bell’s model (Bell, 1978) 
to extract the transition state distance and zero force lifetime.  
III-4.2: Mixed-component analysis 
 To calculate the fraction of component 2 among 1-step events and correction of the 
unfolding force probability density, the fraction of events from component 2 in the 1-step 
unfolding transitions, fc2, can be expressed in terms of the total number of 1-step transitions (N1-
step) and 2-step transitions (N2-step) and the probability of missing detection of the unfolding 
intermediate (pmiss) that results from the intermediate lifetime being of a similar order of 
magnitude as our sampling rate. The number of 1-strep unfolding events is N1-step = Nc2 + pmiss * 
N2-step/(1 – pmiss). The fraction of component 2 events in the 1-step transitions is fc2 = Nc2/N1-step = 
1 – (pmiss * N2-step)/((1 – pmiss) * N1-step).  Assuming that the 2-step events are purely from 
component 1, the observed probability density of unfolding forces for the 1-step transitions, p1-
step, can then be expressed as a combination of probability densities of the two components, p1-step 
= fc2 * pc2 + (1-fc2) * pc1, where pc1 is the probability density of component 1. Therefore, the 
probability density of component 2 pc2 = 1/fc2 * (p1-step – (1 – fc2) * pc1). Using this relationship, 
we numerically correlated the experimentally determined probability density of 1-step unfolding 
forces for the small contribution of component 2.  
 To calculate the fraction of component 2 in the complete unfolding force distribution, an 
α = Nc2/Ntotal was defined as the fraction of the number of transitions from component 2, Nc2, in 
total number of transitions, Ntotoal = N1-step + N2-step = Nc1 + Nc2. Assuming that all 2-step 
transitions represent component 1, and with the totoal number of component 1 transitions given 
by Nc1 = N2-step/(1 – pmiss), the fraction of component 2 in the distribution was calculated as α = 1 
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– N2-step/(Ntotal * (1 – pmiss)). For the complete data set including all refolding times, the weighted 
average is α = 0.55, therefore 55% of all unfolding events are contributed by component 2. 
 To extract unfolding parameters from the unfolding force distribution, I analyzed the 
unfolding force distributions by converting them into force-dependent lifetimes using calculated 
loading rates (trap-stiffness k = 0.09 pN/nm, handle stiffness for 1900 bp dsDNA handle calculated 
using the worm-like chain model with a persistence length of p = 53 and Lc = 0.34 nm/bp). 
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Chapter V. The ribosome cooperates with a chaperone to guide 
multidomain protein folding 
V-1: Introduction 
 Combining several functional domains into a single polypeptide is a widespread 
evolutionary strategy for generating proteins with novel functions (Han et al., 2007). How these 
complex proteins fold into the specific three-dimensional structures that are required for function 
remains poorly understood. Beginning with the pioneering experiments by Anfinsen (Anfinsen, 
1973), protein folding mechanisms have chiefly been studied using small proteins that fold 
rapidly and reversibly (Braselmann et al., 2013). Even though many of the mechanistic details 
remain elusive, several general principles have emerged from these studies (Dill and MacCallum, 
2012; Sosnick and Barrick, 2011). For instance, folding transitions are largely cooperative, but 
“molten globule” intermediates, containing secondary structure while lacking stable tertiary 
interactions are frequently populated along folding pathways. Comparatively little is known 
about the folding mechanisms of multidomain proteins (Jahn et al., 2016; Walters et al., 2013). 
The population of multiple intermediate states (Brockwell and Radford, 2007) and slow overall 
folding result in a high propensity of multidomain proteins to form insoluble aggregates in vitro, 
hampering mechanistic folding studies. 
 Folding of multidomain proteins begins cotranslationally (Frydman et al., 1999; Nicola et 
al., 1999), while the ribosome still elongates the nascent polypeptide chain. As a consequence, 
these proteins acquire stable structure during synthesis, and cotranslational folding has long been 
recognized as a potential mechanism of facilitating their conformational search (Fedorov and 
Baldwin, 1997). However, it remains unclear to what degree sequential domain-wise folding is 
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necessary for productive folding of natural multidomain proteins (Han et al., 2007), whether a 
particular folding order is required (Batey and Clarke, 2008), and how well biophysical studies 
of small single-domain proteins reflect folding events in larger multidomain proteins 
(Braselmann et al., 2013). In addition, it has recently become apparent that interactions with the 
ribosome decrease the folding rate (Kaiser et al., 2011) and the stability (Cabrita et al., 2016; 
Holtkamp et al., 2015; Samelson et al., 2016) of cotranslationally formed structures. Whether 
and how these interactions contribute to productive folding remains unknown. 
 Molecular chaperones are crucial for cellular protein folding and maintenance, preventing 
aggregation and guiding the conformational search (Kim et al., 2013). Specialized nascent chain-
binding chaperones interact with polypeptides as soon as they emerge from the ribosome during 
synthesis (Kramer et al., 2009). In bacteria, the chaperone trigger factor (TF) binds to the 
ribosome near the polypeptide exit tunnel (Kramer et al., 2002). As such, TF is the first 
chaperone to interact with emerging nascent proteins and, together with the bacterial Hsp70 
system, helps the folding of newly synthesized proteins (Genevaux et al., 2004). TF has been 
reported to increase folding yield by reducing folding rates (Agashe et al., 2004; Hoffmann et al., 
2012). However, a mechanistic understanding of TF action is lacking. More generally, the 
importance of several chaperones for the biogenesis of functional proteins is firmly established 
(Kim et al., 2013), but it remains largely unclear how they contribute to productive folding. 
 Experimentally studying early folding of nascent multidomain proteins is challenging. 
Many of the optical methods that are traditionally used to follow protein folding, such as circular 
dichroism spectroscopy or tryptophan fluorescence measurements, cannot be applied in the 
presence of the ribosome and molecular chaperones. Moreover, transiently populated and 
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potentially heterogeneous states along the folding pathway often remain unresolved in ensemble 
measurements. Mechanical manipulation of individual protein molecules with optical tweezers is 
a powerful approach for following folding directly (Zoldak and Rief, 2013), yielding folding 
rates and one-dimensional structural information. This single-molecule technique is ideally 
suited for studies of complex proteins (Jahn et al., 2016; Liu et al., 2017; Stigler et al., 2011; Yu 
et al., 2012) and circumvents the complication of protein aggregation. 
 I have used optical tweezers to explore early folding steps during the synthesis of 
elongation factor G (EF-G), a GTPase that is required for efficient polypeptide elongation. EF-G 
is composed of five domains (Czworkowski et al., 1994) and has orthologs in all kingdoms of 
life. I have previously reported (Liu et al., 2017) that interactions among unfolded domains 
globally interfere with productive folding of EF-G. Here, I show that folding of the N-terminal 
G-domain of EF-G has to precede folding of the following domain II, imposing a hierarchical 
folding order. Depending on nascent chain length, the ribosome either accelerates or decelerates 
G-domain folding. Misfolding between the two domains slows productive folding, but is 
ameliorated by the ribosome and the chaperone TF. Surprisingly, I found that natively folded 
structures can be denatured by interactions with unfolded parts of the nascent protein, resulting 
in an unanticipated complication of folding. TF, but not the ribosome, prevents this denaturation. 
Our studies showed how the ribosome and the chaperone together guide early folding to set the 








(328RNC vs. Galone). In longer nascent chains, the ribosome accelerates G-domain folding, relative 
to an analogous isolated polypeptide (452RNC vs. G-II). Therefore, presumably similar 
interactions between the ribosome and the nascent polypeptide result in distinct outcomes, 
depending on the stage of synthesis. 
V-2.3: The ribosome and TF reduce inter-domain misfolding 
 To characterize the structures that the two-domain EF-G constructs populate during 
refolding in the presence (452RNC) and absence (G-II) of the ribosome, I carried out “force 
clamp” experiments. I subjected these molecules alternating to high force (30 pN), favoring 
unfolding, and low force (3.5 pN), permitting refolding. When held at this low force, the isolated 
G-II polypeptide transitions between several states (Figure V-6A). Hopping between 
intermediate states ceases when the G-domain adopts its folded structure (“GN-IIU”, Figure V-





such, ribosome-nascent chain interactions may constitute a first line of defense against inter-
domain misfolding. 
 I next assessed how the ribosome-binding chaperone TF might influence folding and 
misfolding of nascent EF-G. TF binds to a specific site on the ribosome near the polypeptide exit 
tunnel with moderate affinity (Kramer et al., 2002), and more strongly to RNCs (Kaiser et al., 
2011). Significantly, EF-G has been demonstrated to be a bona fide TF substrate (Deuerling et 
al., 2003). Measurements with 452RNC in the presence of TF revealed a pronounced shift in the 
extensions of the intermediates populated during G-II folding (Figure V-6D, V-6E). The 
chaperone causes an overall compaction of the unfolded protein and shifts the intermediate 
extensions away from the misfolded state more strongly than the ribosome (Figure V-6E). This 
remodeling of the folding landscape results in a G-domain folding rate of 0.087 s-1 (ci: 0.068 s-1, 
0.109 s-1) (Figure V-6F), higher than that observed in the absence of the chaperone and closer to 
the intrinsic rate of G-domain folding in isolation. TF therefore appears to sequester the unfolded 
domain II, preventing it from inducing misfolding and thereby neutralizing its effect on G-
domain folding rate. Our measurements thus show how the chaperone promotes folding of an 
authentic client protein. 
V-2.4: Contacts with the G-domain stabilize domain II 
 In 452RNC, the nascent chain is sufficiently long for domain II to emerge from the 
ribosome and fold. Indeed, the initial pull on 452RNC reveals sequential unfolding transitions of 
the G-domain and domain II (Figure V-8). A very similar unfolding pattern is observed for G-II 
(Figure V-9A). In both cases, each domain unfolds with a characteristic pattern of either one 







V-2.6: Unfolded domain II destabilizes the native G-domain 
 Strikingly, refolding of domain II was not the only outcome we observed after selectively 
unfolding IIG-II. In some refolding attempts, GG-II unfolded at uncharacteristically low forces, 
often in the range between 5 and 10 pN (Figure V-13A and B). In contrast, unfolding of native 
GG-II invariably occurred between ~30 and 50 pN (Figure V-13B), similar to Galone and all 
nascent chains. The low force transitions are well outside this range (Figure V-13B), indicating 
that GG-II had assumed a non-native conformation before we probe its structure mechanically. 
The transitions resemble partially folded and molten globule-like states populated by 328RNC 
(Figure V-13D) and G-II (Figure V-13E) before G-domain refolding, suggesting that GG-II 
progressively loses its native structure and subsequently enters into misfolding interactions with 
domain II. Low-force unfolding is not observed with Galone (0 events in 399 trials, p-value: 
1.1x10-27, see Materials and Methods), confirming that interactions with the unstructured domain 
II pull the G-domain out of its native state. It thus appears that unfolded IIG-II “denatures” GG-II, 
leading to a complete loss of nativeness (Figure V-13D). 
 During EF-G synthesis, the G-domain is likely to fold while domain II is being translated, 
as described above. Our experiments indicate that the polypeptide can then proceed along one of 
two routes, leading to either folding of domain II (Figure V-12) after its complete synthesis, or to 
denaturation of the G-domain (Figure V-13) and subsequent misfolding. To determine which 
outcome is more likely, we compared the cumulative probabilities of the two processes (Figure 
V-13C). G-domain denaturation and domain II folding occur on similar timescales in the G-II 
construct. This observation suggests that folding and denaturation compete with each other in the 




observed when only 386 codons have been translated (386RNC, Figure V-14A). In 386RNC, only 
about half of domain II has exited the ribosome exit tunnel, but destabilization of the folded G-
domain structure is already observed (Figure V-14A), and constructs containing truncated 
domain II aggregated upon expression in E. coli (data not shown). These results suggest that 
denaturation can begin before productive folding is possible. In the context of elongating nascent 
EF-G, the balance between productive folding and denaturation is therefore skewed toward the 
non-productive pathway (Figure V-14B).  
 Denaturation of the G-domain by unfolded, elongating domain II represents an 
unanticipated complication of domain-wise cotranslational folding. How is the nascent 
polypeptide kept on a productive folding track in the cell? As shown above, the ribosome does 
not protect against denaturation. In contrast, TF completely prevented denaturation of the G-
domain (Figure V-14A). Given a base probability of denaturation of p = 0.144 per cycle 
(Materials and methods), the probability that we missed similar denaturation events in the 
presence of TF is very low (0 events in 167 trials, p-value from a binomial distribution test: 
5.3x10-12). Our experiments thus reveal a dual role of TF during early EF-G folding: The 
chaperone not only helps to resolve the frustration resulting from inter-domain misfolding 
(Figure V-6), but also protects the folded G-domain against denaturation by the unfolded domain 
II (Figure V-14). 
V-3: Discussion 
 The early events during the folding of a nascent multidomain protein, EF-G were defined 
(summarized in Figure V-15). Interactions of the nascent polypeptide with the ribosome are 
beneficial for folding soon, but not immediately after the domain has been synthesized (Figure 
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with denaturation of the already folded G-domain. The latter process is prevented by TF, but not the ribosome. 
Hence, TF has a dual function in promoting early folding events in nascent EF-G. 
 Previous studies with small proteins artificially tethered to the ribosome (Hoffmann et al., 
2012; Kaiser et al., 2011; Samelson et al., 2016), have suggested that the ribosome helps to 
prevent premature folding by destabilizing folded structures and reducing folding rates. Here, a 
natural multidomain protein also shows this effect (Figure V-5). However, we observe an 
additional consequence of ribosome-nascent chain contacts that is potentially more important for 
multidomain proteins (Figure V-6): sequestering the proximal part of the nascent chain (domain 
II in 452RNC) reduces the formation of misfolded states with more distal parts (the G-domain in 
452RNC). The effect of the ribosome on overall folding is therefore highly dependent on nascent 
chain length and can manifest as either decelerated (328RNC vs. Galone) or accelerated (452RNC vs. 
G-II) folding (Figure V-5). These findings provide a framework for studying the 
bioinformatically (Chaney et al., 2017; Pechmann and Frydman, 2013) and experimentally (Buhr 
et al., 2016; Mercier and Rodnina, 2018; Zhang et al., 2009) observed tuning of synthesis and 
folding rates. 
 TF has been proposed to act as a “holdase” for nascent proteins, preventing and even 
reversing premature folding (Hoffmann et al., 2012). Here, the results proved that TF prevents 
inter-domain misfolding within nascent EF-G chains, amplifying a similar contribution from the 
ribosome (Figure V-6). As a result, the chaperone can effectively speed up folding (Fig. 2F), in 
contrast to the previously observed global deceleration (Agashe et al., 2004). Interestingly, our 
data suggest that the folding pathway of the G-domain changes in the presence of TF, as 
indicated by the population of intermediate states with altered molecular extensions (Figure V-
6). A previous study, using the periplasmic maltose binding protein, suggested that TF stabilizes 
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partially folded structures (Mashaghi et al., 2013). A simpler explanation, consonant with a 
recent structural characterization of TF-substrate interactions (Saio et al., 2014), could be that the 
chaperone compacts the largely unfolded substrate protein by simultaneously binding to several 
sites. The changes in state extensions in the constant force refolding measurements are consistent 
with this interpretation. Another consequence of forming multiple contacts that are spaced far 
apart in the client protein primary structure is a reduction in chain entropy, which facilitates 
folding (Haldar et al., 2017). 
 Unexpectedly, the data revealed that an unfolded part of the nascent polypeptide can 
denature an already folded domain (Figure V-13). While the ribosome does not protect against 
denaturation, the chaperone TF effectively prevents it (Figure V-14). Therefore, in addition to 
preventing the misfolding of unfolded or partially structured states, the chaperone also protects 
already folded structures (Figure V-14). While some proteins utilize disordered sequences for 
function and regulation (Motlagh et al., 2016), others have evolved to remain stably folded. 
Intertwined domain topologies (Shank et al., 2010) and interactions among topologically 
separate domains (Flaugh, 2005; Han et al., 2007) may serve to minimize the population of 
partially unfolded states that could potentially initiate more global unfolding. Nevertheless, 
unfolded segments are necessarily present during protein synthesis by the ribosome for extended 
periods of time, due to relatively slow elongation rates (~10-20 amino acids per second in 
bacteria (Young and Bremer, 1976)). An unanticipated major role of nascent chain-binding 
chaperones may thus be to protect folded domains against denaturation by unfolded sequence 
segments during cotranslational folding. Whether chaperones functioning post-translationally to 
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maintain a folded proteome act through similar mechanisms remains to be assessed in future 
studies.  
V-4: Materials and methods 
V-4.1: Folding Cycle Analysis 
 To determine refolding probabilities from force ramp experiments, proteins or RNCs 
were subjected to repeated cycles of denaturation (pulling to the maximum force, see above) and 
refolding (relaxing to a force of 2 pN and holding that force for 10 seconds). After initial 
denaturation, the number of cycles until refolding occurred were counted (Figure V-4). From a 
large number (>100) of cycles, a distribution of refolding events as a function of cycle number 
was obtained and converted into a probability distribution. This distribution should follow a 
geometric distribution, assuming that folding occurs with a constant probability within any one 
cycle. Since we have a limited amount of data (i.e., coverage over all possible cycle numbers is 
finite), the following function was used to fit our data: 
P = α ∗ p ∗ (1 − p)`X, 
where Pi is the probability of waiting i cycles to observe folding, p is the folding probability within 
one cycle, and α  is a scaling factor to account for incomplete sampling of the geometric 
distribution. Therefore, the cumulative distribution for the first n cycles is 
P = α ∗ [1 − (1 − p)], 
where Pn is the cumulative probability up to cycle n. 
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V-4.2: Folding rate estimation  
 To estimate apparent folding rates (“Apparent rate” in Figure V-5) from different proteins 





where k is the first order apparent rate constant, p is the folding probability within one cycle, and 
t is the folding time, which equals 10 seconds in our study. In constant force refolding 
measurements, multiple intermediate states were observed during G-domain folding at 3.5 pN. The 
refolding therefore is not 2-state, and the first-order approximation represents an 
oversimplification. However, refolding times from force clamp measurements are well described 
by a single-exponential process (data not shown), indicating that the simplified assumption of a 
single rate-limiting step yields a reasonable estimate of the overall folding rate. In addition, the 
distribution of folding events along repeated force ramp cycles is well described by the geometric 
distribution. 
V-4.3: G-domain denaturation and II-folding probability estimation 
 Refolding of domain II and denaturation of the G-domain by interactions with domain II 
are both slow processes. As a consequence, the available dataset is limited. In addition, the two 
types of events are mutually exclusive. We therefore modified our analysis to estimate the 
probabilities. Assuming that the number of either event D(n) (D1(n) for G-domain denaturation, 
and D2(n) for domain II folding) occurring after n cycles is described by a Poisson distribution, 








where #events(i) is the number of observed events of either G-domain denaturation (i=1) or 
domain II folding (i=2), and N0 is total number of cycles in which we do not observe either event 
before tether breaking. Using this approach, we estimated that the probability of G-domain 
denaturation in any cycle is P1max = 0.144, and that of domain II folding is  P2max = 0.10. 
V-4.4: Interpretation of force clamp refolding experiments 
 In force clamp measurements, the unfolded polypeptide refolds against a constant force. 
Changes in extension, monitored over time, reflect structural transitions in the polypeptide. At 
the beginning of the trace shown in Figure V-6A, the polypeptide is in the unfolded state (GU-
IIU), at the end, the G-domain has folded (GN-IIU). In addition, the molecule populates several 
partially folded states with extensions between these two states, as well as a state that is shorter 
than GN-IIU by 2.5 nm. Because this short state does not directly transition to the GN-IIU state, we 
interpret it to be a misfolded state: 
 
In force clamp measurements, the observed difference in extension is the difference in end-to-end 
distance between the initial and the final states: 
Dxobserved = x(initial) – x(final) 
In the case of the initial and final state during G-II refolding measurements (Figure V-16A), the 
observed change is  
GU-IIU 
misfolded
[  ]I GN-IIU 
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V-4.5: Binomial test  
 To assess whether Galone spontaneously undergoes denaturation in the absence of domain 
II, we conducted control experiments in which we subjected Galone to the same force ramp 
conditions as G-II to detect possible denaturation. From total of 7 molecules with 399 trials, we 
observed no denaturation events with Galone. A binomial test with a denaturation probability per 
cycle of 0.144, which is estimated from G-domain denaturation experiments performed with G-
II, yielded a p-value of 1.1x10-27. It is thus extremely unlikely that Galone exhibits the 
denaturation observed with G-II. Domain II therefore is responsible for pulling the G-domain out 
of its native state. A similar analysis was performed to confirm that we did not miss G-domain 
denaturation in the presence of TF, which is also very unlikely (p-value: 5.3x10-12). 
V-4.6: Kolmogorov-Smirnov test (K-S test)  
 A one dimensional two-sample K-S test (Massey, 1951) was performed to evaluate 
whether initial unfolding transitions of domain II are different from those obtained after 
refolding. We compared the distributions of unfolding forces and contour length changes 
separately. In both cases, the results suggest that it is very likely that we are sampling the same 
underlying distribution, which indicates that the structure of domain II is the same in both cases 
(Figure V-17). In addition, we conducted a two-dimensional two-sample K-S test (Peacock, 
1983) to compare unfolding events (each characterized by unfolding force and extension 
change), which confirmed that the distributions for native and refolded domain II are not 
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Chapter VI. Energetics of domain-domain interactions in a 
complex multidomain protein 
VI-1: Introduction 
 Multidomain proteins constitute a large fraction of all proteomes, but studies 
investigating how these complex proteins fold into their functional structures are scant (Han et 
al., 2007). Many multidomain proteins are prone to aggregation in ensemble folding 
measurements, complicating mechanistic folding studies. Most multidomain protein folding 
studies to date have focused either on tandem repeat proteins (Batey and Clarke, 2008; Batey et 
al., 2005, 2006; Scott et al., 2002) or relatively simple multidomain proteins (Parker et al., 1996; 
Rudolph et al., 1990; Sánchez et al., 2004). How domain-domain interactions contribute to the 
folding and stability of natural multidomain protein has remained elusive. Recently, single-
molecule fluorescence (Borgia et al., 2015, 2011) and force (Bauer et al., 2015; Jahn et al., 2018; 
Liu et al., 2017, 2019; Scholl et al., 2014) spectroscopy techniques have begun to shed light on 
how domain interactions within multidomain proteins affect protein folding mechanisms and 
stabilities. Single-molecule approaches are particularly well suited to resolve the heterogeneity 
intrinsic to multidomain protein folding pathways. Previous studies have shown that 
simultaneous folding of several domains results in a high propensity to form misfolded off-
pathway states, which hampers productive folding (Borgia et al., 2011; Jahn et al., 2016; Liu et 
al., 2019). The notion that cotranslational domain-wise folding alleviates folding frustration is 
widely accepted, but few detailed studies are available to date (Evans et al., 2008; Fedorov and 
Baldwin, 1997; Frydman et al., 1999; Netzer and Hartl, 1997).  
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 Once a multidomain protein reaches its native state, domains typically form numerous 
interactions that increase the overall stability of the native structure (Marsh and Teichmann, 
2014). It has been suggested that the stabilities of inter-domain interactions are highly correlated 
with buried surface area (Chen et al., 2013; Horton and Lewis, 1991). However, it remains 
unclear whether this correlation is generally applicable to predict stability from the amount of 
buried surface area. 
 Here, we have dissected the energetic contributions of neighboring domains to the 
stability of domain III of elongation factor G (EF-G, UniProtKB P0A6MB, Figure VI-1), a five-
domain protein with an essential function in protein synthesis. Interestingly, domains III, IV and 
V of EF-G structurally mimic the anticodon stem loop of tRNAs in ternary complexes, 
highlighting the importance of domain architecture to the function of EF-G (Yamamoto et al., 
2014). The poor resolution of domain III in the electron density maps of the first EF-G crystal 
structures suggests an intrinsic flexibility of domain III (Czworkowski et al., 1994), which may 
be functionally important for EF-G to transition between compact and elongated conformations 
during the translation elongation process (Lin et al., 2015; Pulk and Cate, 2013). Using single-
molecule force spectroscopy, we extracted equilibrium and non-equilibrium parameters 
(Hummer and Szabo, 2001) of domain III folding in the presence and absence of its neighboring 
domains. We found that thermodynamic stability of domain III relies on native interactions with 
the C terminal domains IV and V. Surprisingly, the N terminal domains G and II do not stabilize 
domain III, even though domain III forms similarly extensive contacts with the N-terminal and 
the C-terminal domains. These results demonstrate that buried surface area alone is not a reliable 
predictor of energetic coupling.  Additionally, the data also reveals that domain III can adopt a 
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II and IV that were observed upon EF-G unfolding (Figure VI-2A and B) could be 
unambiguously assigned, the assignment of unfolding transitions for domains III and V was 
ambiguous, because these two domains may yield very similar length changes upon mechanical 
unfolding (Table VI-1). However, the topological coupling of domains IV and V (domain IV is 
split in primary structure into IVa and IVb, which bracket domain V) and the unfolding force 
distributions suggested that the initial unfolding transitions, occurring mostly below 10 pN, 
reflected unfolding of domain III (Figure VI-2). Analysis of unfolding transitions from full-
length EF-G as well as truncated variants confirmed this assignment (Table VI-2). 
domain aa ΔLC,calc (nm) 




V 615-686 25.3 
Table VI-1 Comparison of contour length changes for unfolding of individual domains. The contour length 









III 411-485 2.5 24.5 26.5±2.5 25.3±2.9 
IVa 492-614 0.5 43.4 45.5±2.9 44.7±1.8 
IVb + V 615-704 1.6 30.8 29.3±2.8 29.5±1.8 
Table VI-2 Comparison of calculated and experimental contour length changes. “aa” is the residue range for 
each domain. “∆xnative” is the native state end-to-end distance determined from the crystal structure. ∆LC_calc is the 
calculated contour length change for each individual domain. The contour length changes for EF-G and III-IV-V are 
determined from force ramp experiments, displayed here as mean ±	standard deviation.  
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curves (blue arrowhead in Figure IV-2C). As a result, each pulling curve after refolding shows a 
characteristic unfolding transition for domain III (red traces in Figure IV-2C). Transitions after 
refolding (Figure IV-2D, green squares) were very similar to those obtained during initial 
unfolding (Figure IV-2D, red squares), suggesting that domain III efficiently refolds to its native 
state. No intermediate states during domain III unfolding and folding were detected. Domain III 
unfolding and folding therefore appears to be adequately described by a two-state model in 
which only the folded and unfolded states are populated.  
VI-2.3: Domain III is mechanically unstable in G-II-III 
 Domain III forms extensive contacts with the other EF-G domains. The buried surface 
areas between domain III and the other domains were characterized using a tool developed by 
Krissinel et al. (Krissinel and Henrick, 2007) (Table VI-3). Given that the buried surface areas of 
domain III with the N-terminal domains are more than the C-terminal domains, we expected the 
N-terminal domains contribute more to domain III stability (Chen et al., 2013; Horton and 
Lewis, 1991). 




Table VI-3 Buried surface area calculation between domain III and the rest domains. 
 In order to determine how the N-terminal domains G and II affect domain III stability, we 
conducted experiments with a construct containing only the three N-terminal domains G, II, and 
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III (G-II-III, Figure VI-3A). Domain III folding and unfolding transitions in this construct 
occurred at very low forces. Instead of exhibiting well-separated folding and unfolding 
transitions in our non-equilibrium force ramp experiments, we observed hopping in the range of 
2-6 pN. (Figure VI-3A bottom panel). Clear unfolding signatures of the G-domain and domain II 
confirmed that the molecule was properly tethered (Figure VI-3A and C). Some cycles did not 
show detectable transitions, suggesting that domain III has very low mechanical stability in G-II-
III. This result suggests that domain III may not fold co-translationally. We hence conducted 
force ramp experiments with 531RNC, a stalled ribosome-nascent complexes with the N-terminal 
G-II-III just outside the ribosomal exit tunnel (Figure VI-3B). Interestingly, we could not even 
detect transitions from domain III (Figure VI-3B). The transitions from domain II and the G-
domain confirm that the N-terminal G-II folds to its native state in 531RNC, similar to G-II-III. 
This observation is consistent with previous work indicating that the ribosome destabilizes the 
native state of domains that are in close proximity (Cabrita et al., 2016; Kaiser et al., 2011; Liu et 
al., 2017, 2019; Samelson et al., 2016).  
 Due to the low throughput of observing domain III folding and unfolding once we 
unfolded domains G and II, domain III was selectively unfolded by setting the pulling force 
range to 2 pN to 12 pN. The unfolding forces for these transitions in the G-II-III construct (with 
a mean force of only 3.8 pN) were indeed much lower than those observed in full-length EF-G 
(with a mean force of 8 pN) (Figure VI3-D). Taken together, these observations indicate that 




VI-2.4: Domains in III-IV-V adopt their native structures 
 As shown in the previous section, G-II is insufficient to stabilize domain III. Domain III 
has even less amounts of buried surface areas with C-terminal domains IV and V. It was hence 
expected that IV-V has a similar low impact on domain III stability and that a combination of G-
II and IV-V is necessary for stability. Surprisingly, experiments with a construct containing only 
domain III, IV and V (III-IV-V) revealed that all three domains in this construct were stably 
structured. III-IV-V unfolded at forces similar to those in full-length EF-G, both during initial 
stretching and after refolding (Figure VI-4A and B). Domain III refolded robustly after selective 
unfolding in the 2 to 12 pN range, similar to what was observed in full-length EF-G (Figure VI-
4C and E). However, when all three domains in III-IV-V are mechanically unfolded, refolding 
was inefficient, even after a longer pause for refolding (5-10 seconds). In addition, the force 
extension curves after refolding do not always resemble the initial curves (Figure VI-4A), 
suggesting that the molecule populates non-native states. These experiments indicated that the 
domains in III-IV-V adopt the same native structures as in full-length EF-G (Figure VI-4B), that 
domain III mechanical stability is likely determined by the native interactions with folded 




stabilities. To dissect the energetic contributions of native contacts to domain stability, the 
folding free energies must be determined. To overcome this limitation, we extended an approach 
described by Dudko and co-workers (Dudko et al., 2008) that relates the unfolding and refolding 
force distributions to force-dependent unfolding and refolding rates. The unfolding and refolding 
force distributions of domain III in either full-length EF-G or the III-IV-V construct were 
converted into force-dependent lifetimes (Figure VI-5). Fitting the lifetimes using Bell’s model 
(Bell, 1978) (Figure VI-5) yielded the folding and unfolding rates at zero force (𝑘ku, 𝑘¢u ) as well 
as transitions state distances (summarized in Table VI-4). The zero-force folding and unfolding 




), which directly relates to the 
thermodynamic stability. The thermodynamic stabilities of domain III in full-length EF-G and in 
the III-IV-V construct determined with this approach are very similar (-7.0±0.6 kcal/mol for EF-
G, and -7.0±0.4 kcal/mol for III-IV-V). This observation indicates that the N-terminal G-II unit 
does not contribute much stability to domain III. The unfolding and refolding rates at zero-force 
of domain III in full-length EF-G and III-IV-V are indeed very similar as well (table VI-4), 







showing folding at the order of first domain IVa, then domains V with IVb and domain III. Individual step sizes are 
as expected. In this example, at least two intermediate states populated. The raw data where domain III stably folded 
was plotted as green dots. (E) Unfolding of only domain V+IVb at 8 pN with domain III already being unfolded 
before holding the force at 8 pN, followed by dropping the force to 3 pN to monitor the folding. The unfolding at 8 
pN matches well with unfolding of domain V+IVb. The dashed lines and coloring scheme are the same as in D The 
state I is indicated by the blue dashed line. The filtered data of unfolding of V+IVb at 8 pN is plotted as a pink line. 
 In a few cases where stable folding of III-IV-V from fully unfolded state was observed, 
the major “intermediate state” that was populated prior to folding had an extension (left panel of 
Figure VI-8D) very similar to that of a state in which only domain IVa is folded (state I, with 
folded IVa but unfolded domain III and V+IVb, indicated by blue dashed line in the right panel 
of Figure VI-8D). To determine whether this state is a misfolded state or the intermediate state I, 
which is a productive on-pathway intermediate, we conducted constant force measurement that 
started from the state I. To this end, we allowed the molecule to unfold only partially at the 
unfolding force, and then immediately switched to the refolding force (Figure VI-8C right 
panel). Under these conditions, where folding initiates from state I, we always observed the 
complete folding of III-IV-V within a short period of time. By performing a one-sided binomial 
test with the null hypothesis of that the major intermediate state we observed when folding 
started from the fully unfolded state is the same as state I, we obtained a p-value of 1 x 10-14, 
suggesting that III-IV-V very likely misfolds when folding begins from the fully unfolded state. 
After folding, domain III still fluctuates between the unfolded state and the folded state after 
folding of III-IV-V, as is as expected at this force (Figure VI-8D, compared to Figure VI-10). 
Taken together, domain III can only stably fold after domains IV and V are folded. 
VI-3: Discussion 
 Here, folding events during the late stages of EF-G synthesis have been dissected here, 
revealing an intricate coupling between domains III, IV and V that make up the C-terminal part 
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of the molecule. Single-molecule experiments revealed that domain III stability depends on 
extensive contacts with a unit comprised of domains IV and V, which themselves are 
energetically coupled due to their primary structure topology. Energetic coupling previously 
observed in the N-terminal half of EF-G (G-domain and domain II, see chapter V). In both cases, 
a large amount of buried surface area indicates extensive contacts between the folded domains. 
The tight coupling between these two pairs of domains agree with the notion that G-II and III-IV-
V are forming super-domains (Chen et al., 2013; Lin et al., 2015). For G-II, the domains fold in 
the order in which they emerge from the ribosome.  In contrast, the dependencies in the C-
terminal part are such that the order of folding does not match order of synthesis. Domain III can 
fold only after synthesis of domains IV and V. As a result, folding of the C-terminal half of EF-G 
has to be completed post-translationally. 
 Our approach of manipulating single molecules allows us to exploit the differential 
mechanical stabilities of individual domains and unfold them selectively while keeping the rest 
of the molecule folded. I used this approach to characterize the folding of domain III in detail. 
Using two independent approaches, I found that domain III has similar thermodynamic stabilities 
regardless of whether or not the N-terminal G-II super-domain is present. However, the stability 
is much reduced in the absence of the C-terminal IV-V unit. Interestingly, these findings 
demonstrate that G-II makes only small contributions to domain III stability, even though it 
forms an extensive interface with domain III in the native EF-G structure. 
 A comparison of full-length EF-G and III-IV-V revealed differences in the transition state 
distances for domain III unfolding, but similar zero-force unfolding rates (Table VI-4). The 
apparent differences in transition state distances might be due to slightly different pulling axes in 
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the full-length EF-G and III-IV-V constructs (Brockwell et al., 2003). The observation that 
domain III folds at similar rates in full-length EF-G and III-IV-V is different from what has been 
observed on spectrin (Batey and Clarke, 2008; Randles et al., 2008), which found that the native 
interactions from the N-terminal domains accelerates folding of the C-terminal domain. 
However, our results are consistent with the concept of minimal frustration theory (Bryngelson 
and Wolynes, 1987), which implies that the folding rates of natural domains are optimized 
through evolutionary selection, and the thermodynamic stabilities of natural proteins are 
primarily determined by unfolding rates (Tzul et al., 2017). 
 Consistent with the above conclusion that the two N-terminal domains G and II do not 
contribute significantly to domain III stability, we did not detect any folding or unfolding 
transitions of domain III in the 531RNC nascent chain, even though domains G and II fold to their 
native states. In addition, we also observed much lower domain III unfolding force in G-II-III 
comparing to full-length EF-G (Figure VI-9), which suggests a higher unfolding rate of domain 
III in G-II-III. Domain III in G-II-III exhibits hopping behavior in the force range where it is 
stably folded when domains IV and V are present. This observation indicates that domain III is 
competent to fold in G-II-III even in the presence of mechanical load (Figure VI-3). 
Consequently, domain III stability appears to rely on interactions with folded domains IV and V.   
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 Finally, we observed that complete refolding of the III-IV-V construct is not efficient 
(Figure VI-4A). During the refolding pause when folding started from the fully unfolded state, 
the molecule mostly populated states that were non-native and rapidly unfolded at low forces 
(white squares in Figure VI-8A and open circles in Figure VI-8B). One possible reason for this 
observation is inter-domain misfolding, which has been observed to slow down productive 
folding in a number of multidomain proteins (Borgia et al., 2011; Jahn et al., 2016; Kumar and 
Chaudhuri, 2018; Liu et al., 2019; Zheng et al., 2013). The observation that folding at 3 pN 
within 60 seconds has a probability of only around 0.1, i.e. folding is observed in only six out of 
sixty attempts under these conditions, also supports the conclusion that the inter-domain 
misfolding occurs when III-IV-V folding begins from the fully unfolded state. Directly 
monitoring the folding trajectories where folding initiated from the state I of III-IV-V (Figure VI-
8D right panel) allowed us to conclude that stable folding of domain III is likely to occur after 
folding of domain IVa.  
 In conclusion, our studies provide an example of asymmetric energetic contributions 
from neighboring domains to the stability of individual structural units in multidomain protein. 
Domain III is unstable when folded IV-V is missing. This observation is consistent with a 
postulated evolutionary rule that domains incapable of independent folding are stabilized by 
favorable interactions with neighboring domains (Bhaskara and Srinivasan, 2011). EF-G 
undergoes large conformational changes between two super-domains G-II and III-IV-V during 
translation elongation (Lin et al., 2015). The dynamic behavior of domain III may be necessary 
for achieving this conformational flexibility (Chen et al., 2016). At the same time, this 
requirement complicates folding to the native state, because it precludes domain-wise co-
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translational folding beyond the G-II unit. Perhaps the observed properties reflect a compromise 
between functional and folding constraints, with the latter being alleviated by interactions with 
the ribosome and molecular chaperones. 
VI-4: Materials and methods 
VI-4.1: Unfolding transition analysis (force ramp experiments) 
 The transitions are determined as reported in Liu et al. 2019 (Liu et al., 2019). In brief, 
during force ramp experiments, we continuously move the optical trap at constant velocity (100 
nm/s). Unfolding transitions are apparent as “rips” in the force extension curves (FECs). Each rip 
is characterized by an unfolding force and a change in molecular extension (Figure VI-11). We 
determined the Funf by locating discontinuities in the FECs using a custom Matlab script. To 
determine the ∆xunf, we first locally fit the data before and after rip (Figure VI-11) with at least 5 
data points for each state, then we measured the difference in extensions before and after rip at 
Funf (Figure VI-11). The rips were selected manually, which were apparent in discontinuity of the 
force (with a criterion of ∆F > 0.5 pN for adjacent points that are before and after rips). 
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VI-4.3: Folding rate estimation from constant force measurement 
 We adopted the xl-ICON (Sgouralis et al., 2018), which can help us determine different 
states from each single molecule constant force folding trajectories using nonparametric 
Bayesian analysis. We then aggregated the lifetimes from the same forces for each state to transit 
to another specific state and fit with single exponential curves. The mean value will the folding 
average dwell time, which is the inverse of the corresponding transitions rates. 
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Chapter VII. Conclusions 
VII-1: Summary  
 I have successfully developed EF-G as a new biophysical model for multi-domain protein 
folding studies. I found that folding of the N-terminal G-domain is likely a key folding waypoint 
for EF-G folding. The two N-terminal domains G and II are likely to fold in a domain-wise 
fashion. If co-translational folding fails, misfolding severely reduces the folding rate, which may 
have profound effect on EF-G productive folding. Interestingly, the ribosome modulates the 
folding of nascent EF-G in a length dependent manner. When the G-domain is in close proximity 
to the ribosome, the ribosome slows down its folding. This is consistent with the current 
understanding of that the ribosome favors the unfolded state of nascent chains in general. 
However, the underlying mechanism is still elusive. When it is farther away, the intrinsic folding 
rate is recovered. In the case of EF-G, the ribosome also suppresses misfolding between the first 
two domains, thus accelerating the folding of G-domain comparing to the isolated G-II. The 
mechanism for the suppression of misfolding might be the same as that for decelerating folding. 
Surprisingly, the folding of EF-G is not unidirectional. Emerging domain II can denature the 
already folded G-domain. This denaturation is not suppressed by the ribosome, while the 
chaperone TF blocks this denaturation. Therefore, we propose that an important role for nascent 
chain binding chaperones is to protect already folded structures. On the contrary, the C-terminal 
domains of EF-G are likely to fold post-translationally, because the inter-domain interactions 
between domain III and the C-terminal domains are critical for domain III stability. Therefore, 
the folding mechanism is determined by domain-domain interactions (Figure VII-1).  
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or reverse misfolding and aggregation. However, the aspect of protecting the already folded 
proteome was missing.   
 I also discovered that how the ribosome modulates folding of multidomain protein depends 
on nascent chain length. The ribosome accelerates the folding of a distal domain by suppressing 
the inter-domain misfolding. The fine-tuned modulation of nascent chain folding by the ribosome 
has been reported by other groups as well using different systems (Holtkamp et al., 2015; Kim et 
al., 2015). Similarly, studies have also focused on how tRNA abundance (Zhang et al., 2009) and 
synonymous codon (Buhr et al., 2016; Sander et al., 2014) affect the productive folding . This 
leads to the question of whether the tuning of the nascent chain folding by the ribosome is due to 
an evolutionary selection. A recent genome-wide study has supported this idea (Jacobs and 
Shakhnovich, 2017). 
 Finally, I have been able to demonstrate that the folding mechanism of a multidomain 
protein is determined by the domain-domain interactions, which might represent a general rule. 
The two N-terminal domains G and II are likely to fold co-translationally in a domain-wise manner. 
Domain II by itself is not very stable, but the correctly formed interface from the G-domain helps 
domain II reach the final stably folded state. In contrast, domain III stability derives from its 
interactions with C-terminal domains IV and V, thus domain III is likely to fold post-translationally. 
A similar conclusion has been drawn from a study on eEF-2, a homolog of EF-G in eukaryotes 
(Mönkemeyer et al., 2019). It will be interesting to look at other EF-G homologs to see if this rule 
is conserved. Domain III is highly dynamic supported by the fast exchange between its folded and 
unfolded states at low force. Another biophysical study using single-molecule polarized total 
internal reflection fluorescence (polTIRF) microscopy suggested that domain III is the most 
 135 
dynamic domain in EF-G (Chen et al., 2016), which is likely relevant to the function of EF-G. A 
recent structural study has reported that EF-G have very distinct conformations in the pre- and 
post-translocation ribosome complexes, with the former one being much more compact (Lin et al., 
2015). It will be interesting to see if the dynamic nature of domain III is essential for the relatively 
large rotation between the N-terminal G-II unit and the C-terminal domains of EF-G. 
VII-3: Future directions 
 One of the remaining puzzles I would like to solve is to determine the molecular 
mechanism of the domain denaturation. Is it sequence dependent or length dependent or a 
combination of the two? Experiments with different sequences or sequences with different 
lengths replacing domain II sequence may help us to address this question. Can we better 
quantify the rate of the denaturation? How general is the denaturation in the proteome? Once we 
have a better idea of the molecular mechanism of denaturation, bioinformatics studies will be 
helpful to identify the generality of denaturation.  
 To Better characterize the interactions between the ribosome and nascent chains is also a 
key goal in the field, which requires a combination of multiple techniques. For instance, 
combining single-molecule force spectroscopy and fluorescence spectroscopy together will help 
us monitor interactions with a better resolution at atomic level. In addition, complementary 
ensemble methods such as NMR spectroscopy will provide atomic level information that single-
molecule force spectroscopy cannot reach currently. Real-time experiments monitoring EF-G 
folding using more advanced instrumentation will overcome the current limitations of relying on 
stalled ribosome-nascent complexes, and help to define key folding events of multidomain 
proteins more accurately.  
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 In addition, the molecular mechanism of how TF helps folding of its clients is still 
unclear. I found that TF may restrict G-II in its binding pocket to promote folding. Is this 
restriction related to the apparent reduction of misfolding between the two domains? Or does it 
result in other effects such as reducing the conformational search space? How exactly TF and 
EF-G interact is still unclear, and requires further biochemical and biophysical measurements to 
characterize. Experiments with different TF mutants that lack functions of individual domains of 
TF will help us identify the roles of  
these domains in promoting the folding of EF-G. In addition, it is very interesting to expand similar 
studies to other nascent chain binding chaperones, such as DnaK, to investigate how do they affect 
the folding of EF-G. Finally, experiments with homologs of EF-G will allow us to draw more 




A-1 Primer sequences and oligonucleotides 
A-1.1 Primers for Gibson assembly 
oligonucleotides sequence usage notes 
Backbone_fwd 5'- ACGATATCAAGTGGTGGCTCCGGCG -3' For Backbone PCR 
Backbone_rv 5'- CGCGGCCGCGGATCCACC -3' For Backbone PCR 
EF-G_fwd 
5'-ggatccgcggccgcgATGGCTCGTACAACACCC-










































For domain II insert 
PCR 
Table-A 1 Primers for Gibson assembly. 
A-1.2 Primers for RNCs template pcr 








Table-A 2 Primers for RNCs template PCR. 
A-1.3 Oligonucleotides for DNA handle generation 
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GAC-3' For long DNA handle bead pcr 
bio-rev2 
5'-
/5bio/CACCTGACCCCATGCCGAACTC-3' For long DNA handle bead pcr 
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